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Résumé 
 
Cette thèse traite de la modification de surface des nanotubes de carbone avec des polymères 
Le chapitre I présente l'état de l'art des matériaux hybrides associant des liquides ioniques 
avec des nanotubes de carbone (NTC) ou du graphenes. Le chapitre II commence par un 
aperçu général de l'adsorption non-covalente de polymères sur la surface de NTC, suivi d’une 
description détaillée de l’étude réalisée sur la fonctionnalisation non covalente des nanotubes 
de carbone avec divers liquides ioniques polymérisable (LIP) à base d’imidazolium. Dans ce 
cadre, nous avons comparé deux méthodes expérimentales: la polymérisation in situ et le 
mélange en solution. Une des applications les plus importantes des NTC se situe dans le 
domaine des nanocomposites polymères/NTC. Le chapitre III décrit la formation de 
composites polyetherimide/NTC à partir des NTC-LIP obtenue dans la chapitre II. La 
préparation des composites en utilisant la méthode dite « solvent casting » est détaillée. Les 
NTC bruts, oxydés à l’acide nitrique et fonctionnalisé par le LIP ont été comparés. Des 
mesures mécaniques, thermiques et électriques de ces composées ont été aussi réalisées. Le 
dernier chapitre, divisé en deux sections, traite de la fonctionnalisation covalente des 
nanotubes de carbone avec une variété de polymères en utilisant deux approches différentes: 
"grafting from" et "grafting to". En utilisant la première approche, nous avons réalisé la 
croissance de chaînes de polyamide (PA) à partir de la surface de nanotubes de carbone 
fonctionnalisés avec le caprolactame par polymérisation anionique par ouverture de cycle. Les 
propriétés de traction des composites à base de PA ainsi préparées ont été étudiées. La 
polymérisation radicalaire de monomères vinyliques à base de LI de type imidazolium greffés 
à la surface de NTC est également présentée dans cette partie. Dans la deuxième partie du 
chapitre IV, nous présentons plusieurs stratégies de fonctionnalisation, y compris l’addition 
radicalaire et le greffage sur les défauts de NTC, pour la préparation des NTC fonctionnalisés 
de manière covalente avec des polymères compatibles avec des matrices époxy.  
 
Mots clés : nanotubes de carbones multi-parois, liquide ioniques, nanocomposite de 
polymère, polyétherimide, polyamide, époxy. 
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Abstract 
 
This thesis deals with the surface modification of multi-walled carbon nanotubes with 
polymers with the aim to achieve a high level of dispersion in polymer matrices. Chapter I 
gives a comprehensive review of the state of the art of hybrids of ionic liquids with carbon 
nanomaterials, particularly, nanotubes and more recently, graphene. Chapter II starts with a 
general overview of the non-covalent adsorption of polymers onto the CNT surfaces followed 
by a detailed description of the study carried out on the non-covalent functionalization of 
CNTs with various imidazolium based polymerized ionic liquids (PIL). For this purpose, we 
further compare the two experimental methods: in situ polymerization and solution mixing. 
One of the most important applications of CNT is in polymer/CNT composites. Chapter III 
describes the formation of polyetherimide/CNT composites starting from PIL-CNT hybrids 
obtained in Chapter II. The preparation and characterization of composites using solvent 
casting methods have been detailed. Pristine, acid oxidized and PIL functionalized CNTs have 
been compared. Mechanical, thermal and electrical property measurements on these 
composites have also been described. The last chapter – Chapter IV, divided into two 
sections, discusses the covalent functionalization of CNTs with a variety of polymers using 
two main approaches: “grafting from” and “grafting to”. Using the first approach we have 
grown polyamide (PA) chains from the surface of caprolactam grafted CNTs by anionic ring 
opening polymerization. The tensile properties of the PA based composites prepared 
therefrom containing pristine, amine- and PA-functionalized CNTs have been investigated. 
The radical polymerization of vinyl imidazolium based IL monomers attached to the activated 
CNT surface is also given in this section. In the second part of Chapter IV, we have reported 
several “grafting to” functionalization strategies including radical addition and “defect site” 
grafting used for the preparation of CNTs covalently attached with polymers intended to 
blend well with epoxy matrices.  
 
Key words: multi-walled carbon nanotubes, ionic liquid, polymerized ionic liquid, polymer 
nanocomposite, polyetherimide, polyamide, epoxy. 
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General introduction 
Polymer nanocomposite materials can be made using different type of nanofillers and 
polymer matrices. Among the different nanofillers, carbon nanotubes (CNT) have been 
extensively studied because of their exceptional mechanical and electrical properties. Due to 
these extraordinary properties, great enthusiasm exists among researchers around the world as 
they explore the immense potential of CNT/polymer nanocomposites. The level of activity is 
illustrated by the number of journal articles published within the last fifteen years (Figure 1). 
This increase of interest about CNTs has been followed by a reduction in the production 
prices. This has been possible mainly due to the development of production processes by CNT 
manufacturing companies like ARKEMA or BAYER. Price reduction run in parallel with an 
increase of the CNTs demand, and it is foreseen that this tendency will be accelerated in a 
near future. 
 
 
Figure 1. Number of journal articles published on carbon nanotubes and CNT/polymer 
composites as a function of year. 
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The utilization of CNTs as reinforcement to design novel composites is a quite old idea. 
However, nowadays their practical and extensive use in commercial materials is still missing. 
The scientific literature addresses various aspects of nanotube production, functionalization 
and applications, as well as the fabrication and characterization of polymer nanocomposites 
with various types of carbon nanotubes and dispersion methods. One of the missing points is a 
lack of knowledge based approach to achieve the nanostructuring level required to optimize 
the CNT/polymer nanocomposite performances and an in deep investigation into the 
polymer/nanotube interphase. 
 
The present work has been realized in the frame of a European large scale collaborative 
project named POCO (Carbon Nanotube Confinement Strategies to Develop Novel POlymer 
Matrix COmposites). The main objective of POCO is to get innovative polymer 
nanocomposites filled with CNTs in order to obtain materials with tailor made and superior 
properties. Therefore, maximum research efforts within POCO have been addressed to the 
achievement of nanocomposites in which the CNTs are confined, ordered, structured or 
aligned into the polymer matrix in order to obtain new knowledge into the CNT/polymer 
interphase. The final goal of this project is to reach the predicted and expected excellent 
properties of CNT/polymer nanocomposites in terms of mechanical, electrical, surface and 
tribological behaviors. By reaching this ambitious goal, POCO could pave the way towards 
CNT/polymer nanocomposite products for the aerospace, automotive, building and 
biomedical industries. The work plan of this project that associates 17 partners is shown in 
Figure 2. 
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Figure 2. Work plan of POCO project. 
 
The role of our team in this project was to study the selective functionalization of carbon 
nanotubes (WP2). Indeed, the non-polar nature of CNT surface induces serious problems 
concerning their dispersion in polymer matrices. Thus, CNT surfaces have to be modified in 
order to avoid agglomeration and to be suitably integrated in the matrices. Different 
approaches have followed: (i) physisorption/chemisorption of polymerized ionic liquids 
(PIL), (ii) grafting of polymers onto oxidized nanotubes, and (iii) growing of polymer chains 
similar or compatible with the polymer matrices of composites onto functionalized CNT 
surfaces using initiators, via ‘grafting from’ or ‘grafting to’ techniques. 
 
The present manuscript is composed of five chapters. Chapter I gives a comprehensive 
literature review of carbon nanomaterials (CNT and graphene) – ionic liquid (including PIL) 
hybrid materials. Chapter II describes the results obtained for the non-covalent 
functionalization of CNT with PIL. Chapter III details the preparation of CNT/polyetherimide 
composites as well as their mechanical, thermal and electrical properties. Chapter IV presents 
the results on the covalent functionalization of CNT with various polymers, which should be 
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compatible with the epoxy matrix. Finally, Chapter V provides the experimental details of this 
work. 
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Chapter I: Literature review of carbon nanomaterial–ionic liquid hybrids 
 
I.1 Introduction 
 
Carbon nanotubes (CNTs) are a unique form of carbon presenting outstanding mechanical, 
thermal and electronic properties. Their first high resolution TEM observations date from the 
beginning of the 90s [1,2]. They can be considered as a rolled-up sheet of graphene. Besides 
having a single cylindrical wall (single-walled CNTs, SWCNTs), nanotubes can be composed 
of multiple concentric cylinders (multi-walled CNTs, MWCNTs). Over the last two decades, 
a great number of research activities have been devoted to their potential application for 
energy storage and conversion devices, sensors, probes, conductive and high-strength 
composites, to cite some of them [3]. However, to date, the widespread application of CNTs 
has been limited by difficulty in processing due to their tendency to agglomerate. In order to 
fully exploit their properties, it is important that CNTs are well dispersed in the matrix or 
solution. Therefore, the development of new and efficient methods to disperse CNTs is of 
fundamental importance to improve the properties of the resulting materials. In this respect, 
ionic liquids emerge as an alternative material for obtaining well-dispersed carbon 
nanomaterials.  The term ionic liquids (ILs) refers to liquids composed entirely of ions, which 
are fluid around or below 100 °C. Over the past few years, ionic liquids gained considerable 
attention as “green media” for chemical reactions, owing to their unique characteristics, as 
low toxicity, high boiling point, high ionic conductivity and good solvation properties, which 
dramatically change the outcome of various reactions. Their properties can also be adjusted to 
meet the requirements of a particular process. For this reason, they have been at the same time 
referred to as “designer solvents”. Other than being used as solvent for organic synthesis, they 
have a wide range of applications as tailored lubricants, high-performance liquid electrolytes 
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in devices or composite materials, with nanoparticles and polymers [4]. They can also find 
application in electrochemical analysis to prepare novel modified electrodes and 
electrochemical biosensors [5]. The combination of ILs and carbon nanotubes was firstly 
reported in 2003, when Fukushima et al [6] found that CNTs could form gelatinous materials, 
also called bucky gels, upon being ground with room temperature ILs (RTILs). Since then, 
CNT–IL hybrids have attracted great attention and their application in different fields from 
electrochemistry to polymer composites has been extensively studied (Figure I.1).  
 
 
Figure I.1. Emerging applications of carbon nanomaterial–ionic liquid hybrids 
 
CNT–IL based hybrids offer the possibility to improve the device performances and to 
develop novel multifunctional materials by combining the individual properties of both 
components, such as the high electric conductivity and tensile strength of CNTs with the high 
ionic conductivity and solvation ability of ILs. Furthermore, by simple anion exchange 
reactions, the solubility of the nanomaterials modified by ILs can be easily tuned. The 
synergistic effect of CNTs and ILs promotes several catalytic reactions and direct 
electrochemistry of proteins/enzymes [7,8]. Despite continuous efforts, the methods to 
process CNTs have not yet met commercial expectations, and now its cousin graphene is on 
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the rise. Within the family of carbon nanomaterials, graphene is another emerging class of 
material that has been intensively studied (Figure I.1) since its direct observation and 
characterization reported in 2004 [9]. As it is an unrolled form of carbon nanotube, both its 
properties and the problems in its processing are similar. Thus, almost every functionalization 
and dispersion approach applicable to CNT can also be applied to graphene. The number of 
scientific papers published each year on carbon nanomaterial–IL hybrids has been steadily 
increasing. Most works on carbon nanomaterial–IL hybrids refer to CNTs. The present 
chapter will focus on CNT–IL hybrids, including their preparation, characterization and 
potential applications. In the last part, we will review graphene–IL hybrids with brief 
comparisons to CNT–based ones. 
 
I.2 CNT–IL hybrids 
 
I.2.1 Preparation and characterization 
Some years ago, Fukushima et al. [6] found that RTILs are capable of dispersing CNTs. Since 
this discovery, a lot of research has been focused on the preparation of CNT–IL hybrids by 
various methods. In these hybrids, except a few cases [10,11] where ILs have been confined 
in CNTs, ILs are coated on the outer surface of CNTs via covalent or non-covalent methods. 
There, ILs can have three major roles. While they can be used in small quantities to disperse 
CNTs in a matrix or solution, they can, as well, act as a binder between CNTs and another 
component. IL can also be the main component of the hybrid in which CNTs can disperse 
readily without any additional dispersing agent. Whatever the main role of the IL in the 
resulting materials, all of them are fabricated taking advantage of the synergistic effect of 
CNTs and ILs and, for the non-covalent method, the attractive CNT–IL interactions. There 
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are not many systematic studies concerning the non-covalent interactions between CNTs and 
ILs, and there is a debate over the nature of these interactions. Most of the researchers 
publishing in this domain have assumed that IL interacts with CNT through cation–
and/or– interactions. In their investigations, Subramaniam and coworkers [12] observed 
a slight up shift of 3–4 cm–1 for both D and G bands in the Raman spectra of MWCNTs 
physically modified by an IL, which they attributed to the cation–interaction between the 
imidazolium cation and the -electrons of nanotubes and/or to the perturbation of – 
stacking of the graphene layers of the nanotubes. In another investigation [13], FTIR studies 
showed an evidence of this type of interaction. On the other hand, Wang et al. [14] carried out 
a systematic study on the mixtures of ILs and SWCNTs using Raman and IR spectroscopies, 
together with molecular modeling, which revealed that the interactions are weak van der 
Waals with no obvious influence on the electronic structure of SWCNTs. As we will see, 
many contradicting results exist in the literature concerning the Raman and IR analyses of 
CNT–IL hybrids. In this section different preparation methods and characterizations that have 
been reported in the literature for CNT–IL hybrids have been summarized. Table I.1 shows 
the most common cations and anions used for the preparation of CNT–IL hybrids. It is worth 
mentioning that ILs are not limited to N-containing cations, and that a huge number of 
combinations is possible. 
 
Table I.1. The most common cations and anions used for CNT–IL hybrid preparation. 
Cations R1 R2 
N N
R2R1
 
H, C2H5, 
C4H9, C8H17 
CH3 
15 
 
Imidazolium C2H3 C2H5 
N
R2R1
 
Pyrrolidinium 
C4H9 CH3 
N R
 
Pyridinium 
R 
C2H5, C4H9 
Anions 
N
SS
O
O
O
O
CF3F3C
     NTf2
–  
Cl–, Br–, BF4
–, PF6
– 
 
I.2.1.1 CNT–IL hybrid formation by “soft” physical methods 
Non-covalent functionalization methods offer an easy way to modify the surface of CNTs 
without altering their chemical structure. This is particularly important for applications where 
high electrical conductivity is demanded. Thanks to the specific interactions between ILs and 
CNTs, non-covalent functionalization can be easily carried out. In this context, we will 
discuss different types of CNT–IL hybrids prepared with non-covalent interactions including 
bucky gel, CNT–polymerized IL hybrids and CNT–IL hybrids formed in liquid dispersions. 
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I.2.1.1.1 Bucky gels 
In 2003, Fukushima et al [6] discovered the formation of gelatinous soft materials called 
“bucky gels” composed of SWCNTs and imidazolium ion-based ILs. The discovery of bucky 
gel has attracted much attention in the carbon nanotube community as it enables to prepare 
soft materials with well dispersed CNTs, combining the unique properties of ILs and CNTs. 
While the traditional dispersants require appropriate solvents, ILs disperse CNTs forming soft 
materials, which can be used for a wide variety of applications, mainly in the field of 
electrochemistry. Bucky gels can be easily prepared by grinding (or strongly sonicating) a 
mixture of CNTs and IL (Figure I.2).  In the original report, an imidazolium-based IL was 
mixed with 0.5–1 wt.% (critical gel concentration) of SWCNTs. However, the formation of 
bucky gel is not only limited to SWCNTs and imidazolium-based ILs. Similar gelation can 
take place with a variety of CNTs [15–17] and ILs, e.g., pyridinium- and pyrrolidinium-based 
ILs [18,19]. Furthermore, the amount of CNTs can be increased up to 20% by grinding [20] 
and up to 33 wt.% by a two-step process using a ball-mill method [21].  The formation of the 
gel has been reported to be originating from the possible specific interactions between the 
cation of the IL and the -electrons of nanotube surface. The molecular ordering of non-
volatile ILs and the networking of CNTs by weak physical bonds give rise to the formation of 
the gel. Gel formation highly increases the dispersion of CNTs. The dispersions formed by the 
addition of the bucky gel in an appropriate solvent are much more stable than those formed by 
mixing CNTs and IL [22]. 
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Figure I.2. Picture of a bucky gel (a) prepared by grinding a suspension of MWCNTs in the 
ionic liquid [BMIM]NTf2 and (b) extruded from a syringe. 
 
  
Figure I.3. SEM images of (a) MWCNTs and (b) MWCNT–IL gel (1:4) dispersed in ethanol 
by sonication. (Scale bar = 100 nm) [23] 
 
The formation of CNT–IL hybrid can be analyzed by different techniques such as SEM, 
TEM, Raman, XPS, UV–Vis and FTIR. The SEM images in Figure I.3 show the 
morphologies of pristine MWCNTs and MWCNT–IL gel. The image of the latter reveals that 
the diameter of the CNTs has increased and IL covers uniformly the surface of the CNTs, 
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which are less tangled than the unmodified ones. Raman spectroscopy is a powerful tool for 
the structural characterization of CNTs. Figure I.3 shows examples of Raman spectra of 
SWCNTs, SWCNT–IL hybrid and neat IL. The adsorption of IL significantly changes the 
spectrum of CNTs. While in the spectrum of purified CNTs, the disorder-induced D-band at 
1340 cm–1 is negligible; its intensity increases significantly in the case of modified CNTs. 
This is attributed to overlapping Raman features coming from the added layers on CNTs. 
There are contradicting results on the Raman shift in the literature. For example, Du et al. [24] 
observed two shifts on the Raman spectrum of a bucky gel (Figure I.4). The peak at around 
1095 cm–1 coming from the IL upshifted to 1120 cm–1 in the gel. Another upshift of 22 cm–1 
has been observed in the tangential G-band of SWCNTs at 1565 cm–1. Zhao et al [25] 
reported a slight upshift of around 2 cm–1 in the G-band of MWCNTs. The authors pointed it 
as a confirmation of the charge transfer from IL to CNTs due to the cation– or  
interactions. On the other hand, several groups [6,26,27] did not observe any peak shifts on 
the spectra of the SWCNT–IL gel, which was explained by the absence of any structural 
modification. 
 
Figure I.4. Raman spectra of purified SWCNTs (a), [BMIM]BF4 (b), and SWCNT– 
[BMIM]BF4 gel (c) collected using a 514.5 nm excitation energy [24]. 
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As far as XPS analysis is concerned, a typical bucky gel based on SWCNTs and an 
imidazolium IL exhibits a peak at 399.5 eV corresponding to the N 1s binding energy of the 
imidazolium ion [24]. Further peak analysis using a nonlinear regression reveals that the main 
peak includes two different types of N 1s contributions at 399.4 and 401.0 eV. The presence 
of different types of nitrogen atoms in the gel indicates that the imidazolium ion has been 
modified due to the interactions with the CNT. Additionally, a shift of the absorption band of 
IL in the UV–Vis spectra of the gel can suggest some kind of non-covalent interactions 
between IL and CNTs [23,27]. Xiao et al [22] observed that the carbonyl and hydroxyl peaks 
of MWCNT–COOH shifted on the IR spectra of CNT–IL gel. The interactions between IL 
and CNT can induce a change in the thermal properties of the components. The onset point of 
decomposition of IL in the gel shifts to a higher temperature [15] and the DSC profiles 
significantly differs from those of neat IL [6]. It is worth mentioning that similar phenomenon 
has also been observed for IL supported on silica, except that, in that case, IL decomposes at a 
lower temperature than neat IL [28]. The authors suggested that the strength of IL–support 
interaction can be estimated through an evaluation of the thermal stability of the IL 
component by TGA. In fact, according to XRD patterns, in both cases IL losses its 
polycrystalline structure; however, while silica changes its structure to amorphous, CNT 
incorporation triggers the long-range molecular ordering of IL, which can be associated with 
the increased thermal stability.  
I.2.1.1.2 CNT–polymerized IL hybrids 
Recently, much attention has been paid to polymerized ionic liquids or polymeric ionic 
liquids (PILs), which are prepared from polymerizable IL monomers [29]. They combine 
some of the unique properties of ILs with the improved mechanical stability and dimensional 
control. They find potential applications in various fields such as ionic conductive materials, 
sorbents, porous materials, dispersants, polymeric electrolytes and electroactive polymers. 
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PILs are commonly obtained from the IL monomers bearing a vinyl or acryloyl group as 
polymerizable group on the cation moiety through thermally initiated free radical 
polymerization. Non-covalent wrapping of CNTs in ILs does not lead to very stable 
dispersions of CNTs in water or organic solvents [25]. On the other hand, covalent 
functionalization usually requires several reaction steps and the electronic structure of CNTs 
can be disrupted. Yet polymerized ionic liquids could wrap CNTs to form stable dispersions 
and strong hybrids. CNT–PIL hybrids have been developed in parallel with CNT–IL hybrids 
[6]. 
 
 
 
 
 
 
 
Figure I.5. Schematic representation of two routes for non-covalent functionalization of 
CNTs. 
 
Generally two methods are used to functionalize CNTs by PILs: in situ and solution-mixing 
(Figure I.5). The first method involves free-radical polymerization of the IL monomer in the 
presence of CNTs. In the second one, CNTs and previously synthesized PILs are mixed in an 
appropriate solvent. By simple anion exchanges, the properties of the resulting hybrids can be 
solution mixing
N
N
R
A-
+
n
N N R
+
A-
in-situ polymerization
NN
R A-+
n
NN
R
A-
+
NN
R
A-
+
21 
 
modified. Generally the two methods can be successfully used to functionalize CNTs with 
similar quantity of imidazolium-based PIL. Bucky gels can be in situ polymerized using 
polymerizable IL monomers [30,31]. Interestingly, CNT–PILs can also be precipitated as 
bucky gel if the CNT loading does not exceed 2 wt.% during polymerization [15]. With 
hydrophilic PILs, acid oxidized CNTs can be used to increase the dispersibility [15]; however, 
the acid oxidation process causes some structural damage to the CNTs [30]. As for CNT–IL, 
the PIL coating on the CNT surface can be characterized using various common 
characterization methods including TEM, SEM, TGA, IR, XPS and Raman spectroscopy.  
 
The amount of the PIL layer on the surface of CNTs can be calculated from the sharp weight 
loss in the range of 500–700 K in the TGA curves. FTIR spectrum of PIL modified CNTs 
shows the additional peaks coming from the PIL layer. As for CNT–IL, contradicting results 
have been obtained from the Raman analysis of CNT–PIL hybrids in different studies. 
Fukushima’s group [30] has found no change in the Raman spectra of the SWCNT–PIL 
hybrid prepared by in situ method compared to that of the unmodified SWCNTs. On the other 
hand, other groups reported a down shift of 3 cm–1 of the G band of SWCNT–PIL prepared by 
in situ method [15] and an up shift of 8 cm–1 for the sample prepared by solution mixing 
method [32]. Furthermore, the D/G ratio significantly decreased [15,32] or slightly increased 
[33] in different examples. While the reason for the decrease is not clear, the D/G increase of 
the MWCNTs was reported to be due to the slight structural damage caused by the PIL 
modification process. Marcilla et al [34] developed a reversible method based on PILs, which 
allows the transfer of CNTs between aqueous and organic phases (Figure I.6). 
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Figure I.6. Procedure for the reversible transfer method of nano-objects between aqueous and 
organic phases [34]. 
 
The CNT–PIL hybrid recovered from one phase can be dispersed in another one through 
simple anion exchange reaction of the PIL. During the precipitation of the anion-exchanged 
polymer, the PIL stabilized CNTs are trapped in the polymeric matrix resulting in the 
formation of a homogeneous CNT–PIL hybrid. This reversible process can be repeated many 
times without causing any loss in the properties of the CNTs. The resulting dispersions remain 
stable for several weeks. 
 
The formation of the PIL film on the surface of CNTs enables to anchor different types of 
materials for the construction of functional hybrids or composites. For example CNT–PIL 
hybrids can be used as an effective template for anchoring conducting polymers such as 
poly(3,4-ethylenedioxy thiophene) (PEDOT) [32]. IL acts as a linker between CNTs and 
PEDOT by only non-covalent interactions. Due to their high stability, PIL coated CNTs can 
23 
 
be efficiently used to modify electrodes for direct electrochemistry and biosensing 
applications [31], or to depose uniformly metal nanoparticles on CNTs for supported catalysis 
applications [33,35]. 
I.2.1.1.3 CNT–IL hybrid formation in liquid dispersions 
As already pointed out, the major obstacle in processing CNTs is their poor dispersion in 
organic and aqueous solvents. Up to now, different approaches have been used to disperse 
them in solvents, including polymer and DNA wrapping, side-wall functionalization, 
adsorption of aromatic molecules and addition of surfactants [14]. However, none of them is 
fully suitable for large-scale applications. Recent studies have shown that ILs can be used to 
stabilize efficiently CNTs in various solvents. Although generally all types of ILs can disperse 
well CNTs, as mentioned above, PIL is particularly effective in preparing long-term stable 
organic dispersions. As far as aqueous dispersions are concerned, long-chain ILs, which 
behave as surfactant, can be a good alternative. Stable aqueous dispersions of CNTs are 
especially needed in the field of biotechnology and water-soluble polymer hybrids. 
Traditional ionic surfactants, such as sodium dodecyl sulfate (SDS), are not thermally stable 
for melt-blend processing [13]. Several types of long- and short-chain ILs have been 
investigated to disperse CNTs in aqueous solvents. As traditional surfactants, IL-based 
surfactants adsorb on the CNT surface via their hydrophobic long alkyl chain orienting their 
hydrophilic cationic imidazolium groups toward the aqueous phase. The positive charges 
created on the CNTs prevent them to aggregate. Surfactant-like long-chain ILs such as 1-
alkyl-3-methylimidazolium bromides [36], butyl--bis(dodecylimidazolium bromide) [37], 
carbazole tailed ILs (1-n-(N-carbazole)alkyl]-3-methylimidazolium bromide) [38] and 
imidazolium ion-based ILs with hexadecyl alkyl chain [39,40] have been found to be quite 
effective in dispersing CNTs in water. Additionally, the functional groups (e.g., thiol) of the 
alkyl chain-ends of the surfactants can enable the direct self-assembly of the CNTs from 
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aqueous dispersion on solid surfaces such as gold (Figure I.7). To measure the efficiency of a 
dispersing agent and to quantify the amount of individual CNTs in a solution, UV–Vis–NIR 
spectroscopy can be used. While CNTs in bundles are not active in the UV–Vis–NIR region, 
individual CNTs exhibit a characteristic absorption band at around 260 nm [37]. Another 
method used to evaluate the dispersion stability is -potential measurement. A measured 
potential of a suspension less than –15 mV and more than +15 mV indicates the stability of 
the suspension [39]. Raman spectroscopy is used to reveal the type of dispersed CNTs and 
any structural damage caused during processing. 
 
 
 
  
 
 
 
Figure I.7. Schematic illustration of noncovalent functionalization, thiolation, and self-
assembly of SWCNTs with 1-alkyl-3-methylimidazolium bromides [36]. 
 
 
 
 
Figure I.8. Investigated ionic liquid surfactants with a hexadecyl alkyl chain [39]. 
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The dispersing ability of the surfactants generally increases with the increasing length of the 
alkyl chain [37,38]. This effect is reflected by an increased absorbance on the UV–NIR-
spectrum. The effect of different groups at the 3-position of the imidazole ring with a 
hexadecyl alkyl chain (Figure I.8) on the CNT dispersing ability has been investigated [39]. 
Through a systematic study, it has been found that hydrophobic groups (e.g., phenyl group) 
increase the affinity of the surfactant toward CNTs, but a too hydrophobic group decreases the 
water solubility of the surfactant, thus favoring the self-assembly. Hence, a good balance 
between the hydrophilic and hydrophobic domains is needed to get a good CNT surfactant. 
Results of this study demonstrate that 1-hexadecyl-3-phenylimidazolium bromide 
([HPhIM]Br) is the most efficient one among the investigated surfactants. Liu et al [37] 
showed that IL-based Gemini (dimeric) surfactants, which consist of two imidazole ring head 
groups and two hydrophobic chains separated with a spacer, are more effective in dispersing 
CNTs than the IL-based monomeric surfactants. The long alkyl chain ILs form aqueous 
dispersions of CNTs, which remain stable for months. However, it is challenging to disperse 
CNTs using very small amounts of dispersing agent by physical methods. Zhou et al [41] 
investigated the dispersion of CNTs using very small amounts of short-chain ILs in water and 
found that ILs bearing both an amino group and imidazolium or pyridinium core are very 
effective in dispersing CNTs in water. A very small quantity of IL, as little as 1.4 wt.% of the 
CNT–IL hybrid, is sufficient to achieve this. The interactions of these ILs with CNTs have 
been found to be stronger than those of other ILs investigated. CNT–IL hybrid can also be 
used as an emulsifier. Gao et al [42] prepared oil-in-water emulsions stabilized solely by the 
adsorption of CNT–IL hybrid at the oil-water interface. Moreover, the size of the droplets can 
be controlled by the amount of CNT and IL added into the mixture.  
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I.2.1.2 CNT–IL hybrid formation by “hard” chemical methods 
The functionalization of CNTs by ILs via covalent method is another approach to produce 
CNT–IL hybrids. This approach offers some advantages over the non-covalent one in terms of 
flexibility on the IL choice, and control over the functionalization degree. Furthermore, as the 
CNT and IL are linked chemically, the CNT–IL hybrid is expected to be more stable. As far 
as drawbacks are concerned, this methodology requires several functionalization steps and 
causes the disruption of the extended -networks of the CNTs, impairing their desired 
mechanical and electrical properties, which is particularly true for SWCNTs [13]. The 
covalent modification of CNTs by ILs can be carried out in two ways: IL can be either 
directly grafted to the CNT surface or generated on the CNT after the imidazole component is 
grafted. For the first method, CNTs are firstly purified and oxidized using a strong acid to 
introduce carboxyl groups, which enable to graft amine or hydroxyl terminated ILs to the 
CNT surface. The surface carboxylic acid groups can be activated using either thionyl 
chloride (SOCl2) [43,44], or N,N'-dicyclohexylcarbodiimide (DCC) in DMF [45,46]. In the 
second method [44,47,48], the imidazole derivative is reacted with the activated surface if the 
CNT through its functional group as in the example given in Figure I.9 (a). Subsequent 
reaction with an alkyl halide gives the corresponding IL-functionalized CNTs. The anion 
exchange can be easily carried out on the IL-grafted CNTs to tune their solubility and other 
properties such as conductivity and wettability. 
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Figure I.9. (a) Schematic procedures for synthesizing functionalized MWCNTs and (b) 
photos of pure [BMIM]PF6, [BMIM]PF6 suspensions of pristine MWCNTs, and 
functionalized MWCNTs (from left to right). The samples were equilibrated for 2 weeks after 
preparation [44]. 
 
Characterization of chemically modified CNTs is quite problematic. Techniques commonly 
used in organic chemistry such as NMR, FTIR or UV–Vis do not always give reliable results. 
Different methods should be used in combination and the results should be carefully 
interpreted in order to verify the nature of the modification. The most commonly used 
characterization techniques for these hybrids include Raman spectroscopy, FTIR, TGA and 
XPS. Although FTIR spectra of CNTs are not generally easily interpreted, the strong carbonyl 
peak of functionalized CNTs is useful to determine any covalent grafting. A shift of this peak 
indicates the successful grafting of IL to the CNT. While the C=O vibration of the carboxylic 
acid group exhibits a peak at around 1710 cm–1, functionalization shifts this peak to around 
1650 cm–1 and 1725 cm–1  for amide and ester groups, respectively. Additionally, anion 
transformations can be observed through the characteristic bands of each anion. For example, 
Figure I.10 shows the typical FTIR spectra of MWCNTs and functionalized MWCNTs. The 
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carbonyl vibration peak of the carboxylic acid at 1717 cm–1 shifts to 1641 cm–1 after amine 
terminated IL is grafted to the CNT. The relative intensities of these two bands can indicate 
the grafting degree. The band at 830 cm–1 corresponds to the P–F stretching vibration of the 
PF6
 anion of the IL. 
 
In the Raman spectra (Figure I.11) of pristine SWCNT, acid-treated SWCNT (SWCNT–
COOH) and IL-grafted SWCNT, we can observe a gradual increase of the D band. In the 
Raman spectra of acid-treated CNTs, an increase of the disorder induced D-band compared to 
the pristine CNTs can be an indication of successful grafting of –COOH groups because 
grafting generates sp3 hybridized carbon atoms on the carbon framework. However, in the 
case of CNT–IL, it is difficult to assess covalent functionalization based on Raman features, 
since IL molecules attach to the surface –COOH groups and this process does not further alter 
the structure of the CNTs. Furthermore, increase of the D/G band ratios and shifts of Raman 
bands have also been reported for CNT non-covalently modified by ILs [15,25,32,33,49]. 
 
 
Figure I.10. FTIR spectra of MWCNTs (a), oxidized-MWCNTs (b) and MWCNT–IL-PF6 
[48]. 
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Figure I.11. Raman spectra of SWCNTs (a), SWCNT–COOH (b), and SWCNT–IL-Br (c) 
[46]. 
 
X-ray photoelectron spectroscopy is another technique that can be used to analyze the grafting 
of IL to CNTs and the type of anions present in the CNT–IL. In different studies [42–45,47], 
the strong N 1s signal at around 401 eV or 402 eV has been attributed to the grafted 
imidazolium moiety. potential measurements can also be used to verify covalent grafting. 
While the potential of CNT–COOH has been found to be between –60 and –42 mV, it goes 
up to +23 mV after CNTs are functionalized with NH2–IL [45,50]. 
 
The amount of the grafted IL moiety can be determined from TGA. Under air atmosphere, the 
onset decomposition temperature of pristine CNTs occurs between 773 K and 873 K 
depending on the sample and the heating rate. For the functionalized ones usually two major 
weight losses are observed. The first weight loss that is below 623 K and the second one after 
773 K correspond to the decomposition of IL and CNT fragments, respectively. The thermal 
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stability of the modified CNTs depends on the type of the IL counteranion. For example, 
according to the TGA curves in Figure I.12, the stability of the MWCNTs bearing BF4
– or 
PF6
– anions increased, whereas the functionalized MWCNTs bearing Br– or NTf2
– anions 
decomposed at a significantly lower temperature. However, the nature of this anion effect on 
the thermostability of CNTs has not yet been rationalized. 
 
 
Figure I.12. TGA curves of MWCNTs before and after various functionalization and anion-
exchange steps (heating rate, 20 K min-1; air flow, 20 mL min-1) [47]. 
 
I.2.2  Applications 
CNT–IL hybrids have been extensively studied in the field of electrochemistry, catalysis and 
composite materials. Potential applications include sensors, actuators, super capacitors, dye-
sensitized solar cells, elastic conductors, supports for metal nanoparticles, additives for 
lubricants and polymer nanocomposites. ILs can function as dispersant and/or binder for 
CNTs, as well as, as major component in the final hybrid or composite. 
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I.2.2.1 Electrochemical devices 
Due to the unique electrical properties of ILs and CNTs, their combination is particularly 
useful for the fabrication of electrochemical devices. The studies in this field mainly 
concentrate on the sensing and biosensing area.  
I.2.2.1.1 Electrochemical sensors 
CNTs possess remarkable electrocatalytic properties and they have been evaluated in 
electroanalytical chemistry for constructing CNT–based sensors [51]. However, the 
applications of CNTs in sensing and biosensing field have been greatly hindered because of 
their poor dispersibility in many solvents [52]. Besides, especially due to their good 
electrochemical stability, conductivity and wide electrochemical windows, ILs have become 
very promising materials for modifying electrodes [5]. CNT–IL based electrodes can display 
better performances compared to electrodes based on either IL or CNTs, owing to their 
synergistic effect. Fukushima et al [6] found that the bucky gel based polymer at a CNT 
loading of 3.8 wt.% had an electrical conductivity of 0.56 S cm–1 at room temperature, and 
therefore CNT–IL hybrid could be used to improve the performance of electrodes. Following 
this finding and the developments in IL or CNT based electrodes, Zhao et al [16] firstly 
combined these two materials in 2004 to build a novel electrode and investigated its 
electrochemical properties. The authors prepared a gel by grinding MWCNTs and 1-butyl-3-
methylimidazolium hexafluorophosphate ([BMIM]PF6) with an enzyme and coated a thin 
layer of the prepared mixture on the electrode surface. They found that the modified gold and 
glassy carbon electrodes could efficiently catalyze the reduction of O2 and H2O2 in aqueous 
solution.  
It was rapidly seen that CNT–IL electrodes could have great application potential in 
electroanalysis. Compared to other type of modified electrodes, CNT–IL modified ones show 
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the advantages of easy preparation and replacement, rapid response, low-cost, long-term 
stability, and low detection limit. They display high sensitivity and selectivity for the 
detection of various electroactive compounds. This is partly because ILs interact with CNTs 
and form finer bundles, thus more active sites of CNTs are exposed [52,53]. Besides, due to 
their good biocompatibility, the CNT–IL based electrodes constitute a suitable matrix to 
immobilize biomolecules like enzymes and proteins. The modified electrodes allow efficient 
electron transfer between electrodes and the immobilized molecules, which can catalyze 
various reactions. Recently, CNT–IL modified electrodes have been widely used in 
investigating the direct electrochemistry of proteins/enzymes and for probing chemical or 
biological species. These studies establish a foundation for fabricating novel biosensors and 
bioreactors. The superiority of CNT–IL electrodes comes from the synergistic effect of CNTs 
and ILs [7,8]. So far, they have been used for the electrochemical detection of various 
biological molecules such as rutin [23], DNA [53,54], dopamine [55–57], serotonin [55], 
guanine and adenine [58] and estradiol [52], as well as, ascorbic acid [57,59], alcohols 
[60,61], hydroquinone [62], glucose [63], H2O2 [64], folic acid [7], dextromethorphan [8], 
quinine sulfate [65], methylparathion [66], nitric oxide [67], chloramphenicol [68], uric acid 
[69], nitro aromatic compounds [70,71], xanthin [72,73], Sudan dyes [74], lead ions [75] and 
Ce(III) ions [76]. After enzyme/protein immobilization, they have also been used efficiently 
in the biosensing of H2O2 [16,24,26,31,77–81], O2 [16,24,31,82], glucose [27,64,83–90], 
nitrite [22], paraoxan [91], D-amino acids [92], trichloroacetic acid [93,94], NaNO2 [93], 
NADH [95,96] and alcohols [96]. One drawback of IL-based electrodes is that they display 
very high background currents, which can limit their uses for trace analysis. The increased 
capacitive currents are basically due to the greater accumulation of ions at the water interface 
of the liquid salts compared to non-conductive binders, such as mineral oil [97]. This is 
exacerbated further when CNTs are combined with ILs, because the capacitive charging 
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current of the modified electrode is highly increased due to the increased effective surface 
area of the electrode by using CNTs [98]. To overcome this problem, some alternative 
methods have been developed by different groups, which will be mentioned below. In the 
preparation of CNT–IL modified electrodes, the most frequently used ILs are 1-octyl-3-
methylimidazolium hexafluorophosphate ([OMIM]PF6), [BMIM]PF6 and 1-butyl-3-
methylimidazolium tetrafluoroborate ([BMIM]BF4). There are also a few examples where a 
polymerized ionic liquid is used. For example, Jia et al [99] formed a novel PIL by chemically 
attaching the IL on a polymer and mixed it with MWCNTs in solution. The prepared PIL 
combined the advantages of IL and the polymer.  Xiao et al [31] wrapped SWCNTs with a 
polymerized IL, 1-vinyl-3-ethyl imidazolium bromide ([VEIM]Br) and casted them on the 
glassy carbon electrode (GCE). They obtained superior electrocatalytic activities than those 
obtained with a simple IL–CNT modified electrode. There are various methods to modify the 
surface of a gold, glassy carbon or graphite electrode using CNTs and ILs. It can be modified 
either by applying a direct mixture of CNTs and ILs (e.g., bucky gel or paste) or by casting a 
solution of CNT/IL or CNT/IL/polymer on the electrode. CNT–IL electrodes can also be 
prepared by layer-by-layer deposition [77,78,100], which consists of depositing each modifier 
one after another, e.g., first IL and then CNTs on the electrode surface. An enzyme or protein 
and/or polymer layer can be included and the order of deposition can be reversed. 
I.2.2.1.1.1 CNT–IL bucky gel electrodes  
One way of fabricating CNT–IL electrodes is to prepare bucky gels and then to smear them 
onto a gold or glassy carbon electrode. Despite its ease of preparation, this method has still 
some drawbacks. One drawback of gel modified electrodes is that most of the time the gel is 
mechanically coated on the electrode surface and does not stick well. In addition, the control 
of the thickness of the modified gel layer is difficult and affects the electrochemical properties 
of the electrode. Finally, they suffer from very high background currents as it is the case of 
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most of the CNT–IL electrodes, which can limit their usages in trace analysis. Xiao et al [22] 
observed that by grinding ILs with CNTs, the electrochemical response was improved 
compared to a CNT–IL electrode that was prepared without grinding. There exist some other 
types of CNT gel electrode examples than the common glassy or graphite carbon electrodes. 
For example, Zhang et al [84] built a RTIL-supported three-dimensional network SWCNT 
electrode. At this novel electrode, CNTs can be functionalized electrochemically by enzymes 
or other types of molecules and used for sensor/biosensor applications. For preventing the 
leaking of gel electrodes, Li et al [67] developed a nafion-coated microelectrode of which 
cavity they filled with a SWCNT–IL bucky gel.  
I.2.2.1.1.2 CNT–IL paste electrodes 
CNT–IL paste electrodes [7,8,54,59,64,76,98] differ from gel electrodes in their composition; 
a higher proportion of CNT results in a relatively solid material compared to the gel. Figure 
13 shows the SEM micrographs of the surface of different carbon paste electrodes. The 
carbon materials at the surface of the carbon paste electrode and CNT/carbon paste electrode 
are isolated and there is no conducting binding material between them (Figure I.13 (a) and 
(b)). On the other hand, the surface of the IL-based electrodes (Figure I.13 (c) and (d)) is 
uniform and IL fills in the voids between carbon particles/nanotubes. As a result, the 
conductivity of IL-based electrodes is highly increased. 
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Figure I.13. SEMs of the surface of carbon paste electrode (a), CNT/carbon paste electrode 
(b), IL/carbon paste electrode (c), and CNT–IL carbon paste electrode (d) [8]. 
 
Zhang et al. [54] obtained a far better reproducibility with a paste electrode of CNT–
[BMIM]PF6 than the CNT–[BMIM]PF6 gel electrode reported previously [57]. The detection 
limit for DNA sensing was much lower than the CNT paste electrodes prepared with different 
binders such as mineral oil and chitosan. Another interesting CNT–IL paste electrode was 
fabricated using an unusual IL [64]. The particularity of n-octyl-pyridinium 
hexafluorophosphate, [nOPyr]PF6, is that it gives very low background currents. This IL is 
solid at RT and does not form bucky gel with CNTs; however because of its sticky nature, it 
forms a stable material upon grinding with CNTs. Kachoosangi et al [64] compared the as-
prepared CNT–IL paste electrode with other types of electrodes and they found that the 
combination of CNTs with the [nOPyr]PF6 gave the best electrode performance for the 
detection of various species. From the SEM images of the electrode surfaces, it is clearly 
observed that the surfaces of MWCNT–[nOPyr]PF6 and graphite–[nOPyr]PF6 are more 
uniform and homogeneous (Figure I.14 (a) and (d)), the former being the best. Although the 
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superiority of this unique IL has not been fully understood, it is thought to be related to its 
solid physical state and/or its less hydrophilic chemical structure than liquid [BMIM]PF6. 
 
 
 
 
 
 
 
 
 
Figure I.14. SEM images of the surfaces of the MWCNT/[nOPyr]PF6 (A), 
MWCNT/[BMIM]PF6 (B), MWCNT/Mineral oil (C), and Graphite/[nOPyr]PF6 (D) 
electrodes. Accelerating voltage, 5 kV; carbon/binder composition ratio, 10:90 wt % [64]. 
 
For decreasing the very high background currents in CNT–IL paste electrodes, Kachoosangi 
et al [98] used steady state voltammetry at a rotating disk electrode. The enhanced mass 
transport to the electrode under the hydrodynamic conditions created increases the Faradaic 
redox current, which obscures the capacitive charging current of the CNT–IL paste electrode. 
I.2.2.1.1.3 CNT–IL electrodes by solvent casting 
IL, CNTs and any other components can be casted from a solvent onto the electrode.  For this, 
the electrode modifiers are deposited onto the electrode in either single or several steps (layer-
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by-layer) [31,77,78,81,87,100] as illustrated in Figure I.15. The thickness of the modified 
layer can be controlled more easily with this preparation method than for gel or paste 
electrodes [77]. 
 
 
 
 
 
Figure I.15. Preparation approach of (MP-11)–Nafion–MWCNTs–RTIL/GCE [78]. 
 
CNTs and ILs can be integrated into polymeric matrices to fabricate an electrode with high 
stability. Due to their biocompatibility and excellent film forming ability, chitosan, nafion and 
hyaluronic acid have been widely used as matrix in biosensors and biocatalysis. CNTs, ILs 
and these polymers can form a uniform suspension with the aid of grinding and 
ultrasonication [22,71,79,80,86,93,95]. When the suspension is cast on a glassy carbon 
electrode and dried, a hybrid film coated electrode is obtained. By this way, the CNT–IL is 
entrapped in the polymer, which forms a stable film on the electrode.  
I.2.2.1.1.4 Enzyme/protein immobilization 
The combination of CNTs and ILs provides an electrically conductive, biocompatible and 
porous microenvironment suitable for the immobilization of enzymes and proteins. CNTs and 
ILs synergistically promote the direct electron transfer between the immobilized species and 
the electrode [7,8]. Recently, CNT–IL electrodes have been efficiently used to immobilize 
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biological macromolecules. In most of the cases, significant improvements in terms of 
sensitivity, detection limit, stability and repeatability have been obtained. Table I.2 shows the 
detection limits of CNT–IL electrodes for biosensing applications in the literature. 
 
Table I.2. Detection limits of CNT–IL electrodes for biosensing applications. 
Electrode Immobilized 
molecule 
Target species Detection 
limit 
Ref. 
(MWCNT–NH2)-[BMIM]BF4/GCE Catalase H2O2 3.7 nM [77] 
MWCNTs-[EMIM]BF4/GCE Hemoglobin Nitrite 0.81 M [100] 
MWCNTs-[BMIM]Br-Chitosan/GCE Hemoglobin Trichloroacetic acid  0.4 mM [93] 
MWCNTs-[BMIM]Br-Chitosan/GCE Hemoglobin NaNO2 0.1 mM [93] 
MWCNTs-[BMIM]BF4-Nafion/GCE Hemoglobin H2O2 0.8 M [79] 
MWCNTs-[BPy]PF6/GCE Microperoxidase-11 H2O2 3.8 nM [78] 
MWCNTs-
[BMIM](BF4/PF6/Tf2N)gel/AuE 
Organophosphorus 
hydrolase 
Paraoxan ≤ 2 M [91] 
MWCNTs-[BMPyr]NTf2/GCE Chloropromazine NADH 80 nM [96] 
MWCNTs-[BMPyr]NTf2/GCE Alcohol 
dehydrogenase 
Ethanol 5 M [96] 
SWCNTs-[BMIM]BF4/GCE D-Pro DH D-amino acids 2 M [92] 
MWCNTs-[EMIM]BF4-Chitosan/GCE Cytochrome c H2O2 0.8 M [80] 
MWCNTs-[BMIM]BF4-GNP/GCE Cytochrome c H2O2 3 M [81] 
MWCNTs-[BMIM]BF4-HA/GCE Glucose oxidase Glucose 0.03 mM [86] 
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SWCNTs-NH2[EMIM]Br-GNP/GCE Glucose oxidase Glucose 0.8 M [88] 
SWCNTs-[BMIM]PF6-gel/GCE Hematin* Trichloroacetic acid 0.38 M [94] 
MP-11 : microperoxidase; HRP : peroxidase from horsedish; heme-containing proteins/enzymes : myoglobin, 
cytochrome c, and horseradish peroxidase. [BPy]PF6 : N-butylpyridinium hexafluorophosphate; [BMPyr]NTf2 : 
N-butyl-N-methylpyrrolidinium bis (trifluoromethylsulfonyl) imide; D-Pro DH : D-proline dehydrogenase; GNP 
: gold nanoparticles; GCE : glassy carbon electrode; GE : graphite electrode; AuE : gold electrode; HA : 
hyaluronic acid. *Mimic of hemeprotein. 
 
The electrode surface area and the amount of the immobilized enzyme are not the real reasons 
for the increased performance as they have been found to be very similar for the CNT–IL 
based and other type of electrodes. The increase in the electrode sensitivity of enzyme 
immobilized CNT–IL is found to be related to the higher reactivity of the enzyme-substrate 
than those of the other electrodes [92]. The IL units attached (chemically or physically) to the 
surface of CNTs provide an extra ionic affinity between CNTs and the immobilized enzyme, 
which facilitates the electron transfer [89]. Figure I.16 illustrates the process of electron 
transfer from the underlying electrode surface through the carbon nanotube to the 
immobilized glucose oxidase (GOD) enzyme.  
 
 
Figure I.16. SWCNT–IL–GOD bionanohybrid-modified glassy carbon electrode [89]. 
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Du et al. [24] investigated the structure of proteins immobilized on SWCNT– [BMIM]BF4 
and SWCNT–[BMIM]PF6 electrodes. UV–Vis and circular dichroic spectrocopies revealed 
that proteins do not undergo any structural change and can still retain their bioelectrocatalytic 
activity in the hybrids. In numerous other studies, it is stated that enzymes/proteins 
immobilized on the surface of CNT–IL electrodes present enhanced activity. The 
electrochemical response of the electrodes was found to be increased with the addition of IL 
to the CNT/electrodes [7,22,33,53,59,60,77–80,85,86,91,92,100]. For example, Figure I.17 
shows the cyclic voltammograms (CV) of different modified electrodes. Catalase (Ct) enzyme 
immobilized on the NH2–MWCNT–IL/GC electrode surface shows a pair of well-defined and 
nearly symmetric redox anodic and cathodic peaks while the peaks of Ct–MWCNTs/GC 
electrode are very weak. 
 
 
 
 
 
 
 
 
Figure I.17. Cyclic voltammograms of different modified electrodes: (a) Ct/GC, (b) 
MWCNTs/GC, (c) Ct–MWCNTs/GC, (d) MWCNT–IL/GC and (e) Ct-MWCNT–IL/GC. The 
results were obtained in 0.1 M phosphate buffer solution, pH 7.0, at the scan rate of 0.1 V s−1 
[77]. 
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However, there are a few contradicting results on the electrocatalytic activity of CNT–IL 
materials in the literature. For example, Wu et al [87] reported that although enzymes in 
SWCNT–IL material are stable and retain their native structure, the presence of ILs cause the 
enzymes to lose their activities. They compared different SWCNT hybrids containing three 
types of ILs, [BMPy]BF4, [BMPyr]BF4 or [BMIM]BF4, and found that the existence of IL in 
the SWCNT–IL modified electrode decreased the electrocatalytic activity of the enzyme 
following the sequence [BMPy]+ > [BMPyr]+ > [BMIM]+. The lower decrease obtained with 
[BMPy]+ was attributed to the charge transfer from the SWCNT to IL, which increases the 
conductance of SWCNTs. Nevertheless, the voltammetric responses at the CNT–IL electrodes 
were higher than those at the bare GC. The contradicting results may be due to the different 
preparation methods used. However, it is known that if the ion concentration is too high, the 
enzyme could lose its activity due to the high ionic strength [101]. 
I.2.2.1.1.5 Factors impacting the electrode performance 
Several factors can affect the electrochemical performance of CNT–IL hybrid based 
electrodes. In addition to different electrode preparation methods and electrode types, CNT:IL 
ratio, the amount of CNT–IL hybrid, the thickness of CNT–IL hybrid for gel and paste 
electrodes, the type of IL and the operation temperature can have an impact on the electrode 
performance. The optimization of CNT/IL ratio is particularly important for the 
electrochemical response of the electrode [7,23,27,53,54,78]. IL adsorption on the surface of 
CNT is crucial for enzyme immobilization [77]. IL is needed to efficiently adsorb enzymes on 
CNTs and furthermore to separate CNTs from each other. However, IL slows down the 
electron transfer to some extent resulting in broadened voltammetric peaks. Very high 
viscosity and specific interactions of ILs with CNTs can cause the passivation of the 
electrochemically active sites of CNTs and decrease the sensitivity of the electrode [27]. 
Furthermore, due to the large capacitance of ILs, the CNT–IL electrodes have high 
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backgrounds [7]. Additionally, in the case of paste electrodes, too much CNT addition can 
cause the electrode to be easily damaged. Therefore, the right CNT:IL ratio should be found 
for best electrode performance. It was reported that the current response was the highest when 
the mixing ratio of MWCNTs to IL was 1:4 for a CNT gel electrode [62]. For a CNT paste 
electrode, while the optimized CNT to IL ratio was 15:85 in a case [98], it was 7:3 in another 
[54]. Wan et al used a CNT:IL ratio of 1:7 for the best performance of a layer-by-layer 
modified electrode [78]. Besides, the thickness of the gel layer on the electrode should be 
optimized to obtain high responses, stability and lower background current [23,63].  
The type of IL also affects the electrochemical response of CNT–IL electrodes. For 
biocatalysis not all ILs are suitable; enzymes are usually active in hydrophobic ILs containing 
BF4
–, PF6
–, or NTf2
– anions; whereas hydrophilic ILs containing Cl–, NO3
–, CF3CO2
–, 
CF3SO3
–, CH3CO2
– inhibit enzymes [102]. A possible explanation is that the lower hydrogen-
bond basicity of the enzyme-compatible anions minimizes interference with the internal 
hydrogen bonds of enzymes [102]. Also, the hydrophilic ILs could remove the internally 
bound water from the enzyme [101]. Yet, Wu et al [85] reported to have successfully used 1-
ethyl-3-methylimidazolium acetate, [EMIM]CH3CO2 in a CNT–IL hybrid for the 
immobilization of glucose oxidase. In order to investigate the effect of anion structure, Lee 
and Hong [91] prepared CNT–IL gel electrodes using three types of ILs as binders. The 
sensitivity of the hybrids for the detection of an organophosphorous compound followed the 
order: [BMIM]PF6 > [BMIM]NTf2 > [BMIM]BF4. Very viscous ILs can also have a negative 
effect on the sensitivity of the electrode [26]. When hydrophobic CNT–IL are used for 
electrode modification, the use of graphite electrodes instead of the common glassy carbon 
electrodes results in a more stable structure as the layer of graphite is also hydrophobic [82]. 
Most of the electrode measurements have been conducted at room temperature; however, the 
operation temperature can also affect the electrochemical response of IL based electrodes as 
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the electrolytic conductivity of ionic liquids increases with temperature [103]. Musameh et al 
[97] found that the signals can be enhanced and stabilized by operating ionic liquid-carbon 
paste electrodes at elevated temperatures. Chen et al [59] firstly designed an electrically 
heated IL [OPy]PF6/MWCNT electrode. The detection limit for ascorbic acid significantly 
decreased when the operating temperature was increased to 328 K. 
I.2.2.1.2 Actuators 
In recent years, there has been a growing interest in the area of artificial muscle for 
biomimetics and robotics applications. For these, a high performing actuator should be 
lightweight, low power, silent and fast-moving, working in air and exhibiting large-
displacement. For this purpose low voltage electroactive polymer (EAP) actuators have been 
extensively studied and developed. While the first EAP actuators required electrolyte, the first 
“dry” ones, developed later on, contained IL but their lifetime and responsivity were limited. 
Fukushima et al [20] developed the first “dry” actuator based on CNT–IL hybrid soon after 
the discovery of bucky gel. Later on, bucky gel actuators have been further investigated by 
several groups [17,104-108]. 
The actuator based on CNTs and IL is simply fabricated using the layer-by-layer casting 
method. It is composed of a polymer supported IL electrolyte layer (1:1, IL:polyvinylidene 
difluoride (PVdF)) sandwiched between two polymer supported bucky gel electrode layers 
(20:48:32, CNT:IL:PVdF in a typical electrode) (Figure I.18). Thus, IL has two roles in the 
actuator. While being an internal electrolyte between the electrodes, it is a conducting binding 
material for CNTs at the electrode. As all the layers consist of IL material, they are perfectly 
fused together, as seen by SEM (Figure I.19). The advantages of the bucky gel actuator are 
that it is easily fabricated, does not need any external electrolyte and operates quickly in air 
for a long time at low applied voltages. Although CNT content is much lower in the bucky gel 
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actuator than that in the SWCNT–sheet based actuator dipped in IL, the displacement of the 
actuator is comparable, which is due to the good dispersion of CNTs in the gel. If the CNT 
content can be further increased, the generated strain and stress of the actuator will be even 
higher [21]. The problem is that the maximum CNT content in the electrode layer is generally 
limited to 13 wt.% using the simple agate mortar process. Preparing the bucky gel electrode in 
two steps using ball-mill method allow to increase the CNT content up to 22 wt.% [21]. 
 
 
 
 
 
 
 
 
  
Figure I.18. (a) Performances of a bucky-gel actuator in response to alternating square-wave 
voltages, (b) schematic drawing of the response modeling of the bucky-gel actuator based on 
the ion transfer mechanism [21]. 
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Figure I.19. SEM and optical-micrograph (OM) of a bucky-gel actuator; (a) SEM of a cross-
section of a bucky-gel actuator strip of 95 μm in thickness. (A) Bucky-gel electrode layers 
and (B) an ionic gel electrolyte layer. (b) SEM of a surface of a bucky-gel electrode. (c) OM 
of cross-section of a bucky-gel actuator of 0.465 mm in thickness. (d) Large view of (c) [21]. 
 
The first prototype of the bucky gel actuator has shown to be quite promising for applications 
in the field of artificial muscle. In this respect, a lot of efforts have been devoted to the 
research and development of these innovative actuators. The performance of the bucky gel 
actuator can be further improved by hot-pressing the layers [21], changing the type of internal 
IL, using additives for the electrode [109,110] or electrolyte layers [111], cross-linking CNTs 
[107,112] as well as using super-growth SWCNTs [17] or amide modified CNTs [113]. As 
the bending motion is supposed to be created by the transfer of ions in addition to the changes 
in C—C bond length induced by “charge injection”, the effect of IL type has been 
investigated [104,106,114]. While at low frequencies, the bending motion of bucky gel 
actuators depends on the ion size of IL, at high frequencies it depends on viscosity [106]. The 
conductivity and capacitance of the bucky gel actuators can be increased by using additives in 
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the electrode and electrolyte [105]. In a study, addition of a polyaniline, which is a conductive 
polymer, to the electrode layer enhanced the performance of the actuator by increasing both 
capacitance and conductivity of the electrode [109]. In another study, it has been found that 
the addition of Li salts into the electrolyte highly improves the response time and generated 
strain of the bucky gel actuator by increasing the conductivity and capacitance, respectively 
[111]. A fully biocompatible actuator based on chitosan biopolymer, CNTs and IL [115] has 
been developed for implantable biomedical devices. All these advances have provided 
considerable improvements in the development of CNT–IL actuator, which should take its 
place in the field of artificial muscles in the near future. Nevertheless, there is still a long way 
to go in this hot research topic of nanomaterials. 
I.2.2.1.3 Other applications in electrochemistry 
The potential applications of CNT–IL in electrochemistry are not limited to electrochemical 
sensors and actuators. They have also been investigated for the construction of other type of 
electrochemical devices such as elastic conductors, energy-storage devices and energy 
convertors. Electric double-layer capacitors (EDLCs), also known as supercapacitors, are 
electrochemical energy storage devices that are capable of being charged and discharged at 
higher rates than most batteries. The development of new materials with large usable external 
surface area for improved energy and power densities represent an ongoing challenge. 
Katakabe et al [116] showed that in terms of high capacitance and low electrode resistance, 
the performance of SWCNT based EDLCs can be highly improved by the use of bucky gel as 
the electrode material. Although the capacitance was lower compared to that of the activated 
carbon based EDLCs, the capacitance per unit surface area was higher. Besides, its ease of 
preparation represents an advantage. High flexibility and lightness are attractive properties for 
components in energy storage devices, such as supercapacitors and batteries. Pushparaj et al 
[117] recently developed a nanocomposite paper based on MWCNTs, IL and cellulose, which 
47 
 
can be rolled up, twisted or bent. The produced material has comparable discharge capacity to 
other flexible energy-storage devices reported. The potential of CNT–IL hybrids in energy 
conversion devices has been demonstrated by different studies. A light-driven thermoelectric 
convertor based on a SWCNT–IL gel hybrid generated sufficient electrical energy to power a 
LED [118]. Dye-sensitized solar cells (DSSCs) using MWCNT–IL/PEDOT/PSS as counter 
electrode have been reported to display high photovoltaic performance (overall light 
conversion efficiency,  = 4.8%) close to that of DSCs using expensive Pt counter electrodes 
( = 4.9%) [25]. The performance decreased significantly using the same electrode without IL 
( = 4.1 %). Kawano et al [119] prepared a solid-state DSC, which eliminates the problems of 
leakage, using a polymerized ionic liquid as solid electrolyte and SWCNT–IL gel as counter 
electrode. The novel DSSC demonstrated good performance ( = 3.7%) and stability. 
Alternatively, Lee et al [120] obtained a light conversion efficiency of 3.49% by using an 
iodine-free all-solid-state electrolyte based on a binary IL mixture incorporated with 
SWCNTs (10 wt.%). 
I.2.2.2 Support for metal nanoparticles 
Metal nanoparticles supported on CNTs have been studied for heterogeneous catalysis 
applications, electrochemical determinations and sensor applications, and given encouraging 
results for further developments [51]. The nanoparticles on CNTs are active and easy to 
separate for recycling [121]. However, agglomeration of nanoparticles can occur over time, 
resulting in a loss of catalytic activity [35]. Therefore, dispersing nanoparticles stably and 
uniformly on CNTs without losing their catalytic activity has been the center of attention for 
good catalyst performances. In this regard, CNT–IL hybrid emerges as a novel support to 
deposit evenly metal nanoparticles with long-term stability using very mild conditions. In 
these hybrids, ILs act both as a dispersant for CNTs and as a binder between nanoparticles 
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and CNTs. So far, this method has been successfully applied to immobilize Pd [121-124] , Pt 
[33,35,45,61,73,125-127], Ru [126], PtRu [33,128], Rh [126], Ir [126], Au [50,68,127] and 
iron fluoride [129] metal nanoparticles on CNTs; and the prepared hybrids displayed 
enhanced stability and (electro)catalytic activity compared to CNT supports without ILs. The 
CNT–IL support can be prepared through covalent or non-covalent functionalization. Non-
covalent functionalization can be preferred over the covalent one to preserve the original 
electronic structure of CNTs, whereas covalent functionalization enables to attach IL onto 
CNTs in a manner that they do not leak from the surface. The HRTEM micrograph in Figure 
I.20 shows a CNT coated with an IL phase. The IL phase is successfully immobilized on the 
surface of the CNT covalently functionalized with imidazolium-based ionic moieties [28]. 
Alternatively, polymerized ionic liquids can be used to increase the stability of the film layer 
on CNTs [33,35,122]. CNT–IL hybrid does not only stabilize pre-formed nanoparticles but 
also serves as a support for the synthesis of nanoparticles. The most common method used for 
this is to deposit the nanoparticle precursor on the surface of the IL-modified CNTs. In the 
formation process of the nanoparticles, the cation of ILs plays an important role by interacting 
with the negatively charged metal precursor [45]. Furthermore, low interfacial tensions of ILs 
increase the nucleation rate, leading to smaller nanoparticles of which size [126] and amount 
[45] can be controlled by the amount of IL immobilized on the CNT surface. Increasing the 
amount of IL results in smaller nanoparticles, however increasing it further than a certain 
amount does not have any influence on the shape or size of the particles. Table I.3 shows the 
average sizes of the metal nanoparticles formed on CNT–IL supports.  
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Figure I.20. HRTEM micrograph of IL-grafted CNT with supported ionic liquid phase. 
 
Table I.3. Average sizes of metal nanoparticles formed on CNT–IL supports. 
Hybrid Precursor Particle Particle 
Size (nm) 
Ref. 
MWCNTs-[BMIM]BF4 RuCl3 Ru 3.11 ± 0.49 [126] 
(MWCNTs-[BMIM]PF6)gel H2PtCl6 Pt 100 [61] 
MWCNTs-[OMIM]PF6 H2PtCl6.6H2O Pt ~ 5 [73] 
MWCNTs-[BMIM]BF4 PtCl2 Pt 2-3 [125] 
MWCNTs-NH2-IL
a K2PtCl4 Pt ~ 3 [45] 
MWCNTs-[BMIM]BF4 K2PtCl6 Pt 2.21 ± 0.21 [126] 
MWCNTs-[BMIM]PF6 K2PtCl6 Pt 1.99 ± 0.26 [126] 
MWCNTs-[HMIM]PF6 K2PtCl6 Pt 2.36 ± 0.24 [126] 
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a1-(3-aminopropyl)-3-methylimidazolium bromide, b1-(3-aminopropyl)-3-butylimidazolium bromide, [VBIM] : 
1-vinyl-3-butylimidazolium. 
 
Wu et al.  [33] investigated the efficiency of CNT–IL hybrid as support for the growth of Pt 
and PtRu nanoparticles by comparing it to CNTs without IL. The results show that the 
particles synthesized on the CNT–IL support are smaller and distributed more uniformly 
(Figure I.21). The authors suggested that while CNT–IL presents high concentration of 
available growing sites for the particles, the randomly distributed defects on unmodified 
CNTs cause particles to aggregate. Yu et al [61] developed an electrochemical method for in 
situ formation and deposition of Pt nanoparticles onto MWCNTs in bucky gel. They could 
deposit the Pt nanoparticles more effectively onto the CNTs since both the precursor and 
CNTs are well dispersed in the gel matrix and in good interaction with the IL. While with the 
MWCNTs-[BPy]BF4 K2PtCl6 Pt 2.78 ± 0.30 [126] 
MWCNTs-poly[VEIM]BF4 H2PtCl6 Pt 1.9 ± 0.5 [33] 
MWCNTs-poly[VEIM]BF4 H2PtCl6/RuCl3 PtRu 1.3 ± 0.4 [33] 
MWCNTs-[BMIM]BF4 K2PtCl6/RuCl3 PtRu 2.10 ± 0.42 [126] 
MWCNTs-[BMIM]BF4 H2PtCl6.6H2O/RuCl3 PtRu 3.4 [128] 
MWCNTs-[BMIM]BF4 RhCl3 Rh 3.51 ± 0.42 [126] 
MWCNTs-[BMIM]BF4 IrCl3 Ir 1.80 ± 0.27 [126] 
MWCNTs-NH2-poly[VBIM]Cl/Br/PF6  Na2PdCl4 Pd 4-5 [122] 
MWCNTs-NH2IL
b Na2PdCl4 Pd 10 ± 0.5 [121] 
SWCNTs-,DWCNTs-[BMIM]BF4   HAuCl4.3H2O Au 1.68 [10] 
SWCNTs-[BMIM]BF4 Fe(NO3)3.9H2O FeF2.5.0.5H2O ~ 10 [129] 
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conventional electrochemical methods, the nanoparticles are deposited on the outer surface of 
the CNT layer, with this method, they are homogeneously deposited on almost every CNT 
within the layer. Li et al [129] used a BF4
– anion based IL, which acted as in situ dispersant 
and binder for CNT wiring of electrodes, to provide fluoride anions during the formation of 
iron fluoride nanoparticles. The outwardly oriented anions of the IL physically coated on the 
CNTs reacted readily with the surrounding iron(III) precursor under mild conditions.  
 
 
52 
 
 
Figure I.21. TEM images (left) and size distributions (right) of nanoparticles of nanohybrids. 
(a and e) PtRu/CNT–PIL; (b and f) PtRu/CNTs; (c and g) Pt/CNT–PIL; (d and h) Pt/CNTs 
[33]. 
 
Alternatively, Baba et al [10] demonstrated that by using IL-introduced plasma technique, Au 
nanoparticles with small diameters can grow densely on the inner surface of open-ended 
SWCNTs and double-walled CNTs. Encapsulating nanoparticles into the CNTs is suggested 
to increase their catalytic performance [10]. The type of IL can influence the formation and 
catalytic activity of the nanoparticles [121,122,126]. Chu et al [126] concluded that the anion 
has little effect on the formation of nanoparticles but it is rather the IL cations that play a key 
role. From the data for metallic particles presented in Table I.3, it seems that PIL-
functionalized CNT supports lead to the formation of smaller particles. This could be 
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attributed to both the enhanced stability of the hybrid support and increased number of 
nucleation sites immobilized on CNT. Chun et al [121] investigated the anion effects on the 
electrocatalytic activity of Pd nanoparticles supported on imidazolium-based PIL 
functionalized CNTs toward oxygen reduction reaction. Their results suggest that the nature 
of the anion has a significant effect on the kinetics of the reaction, which is due to the 
interactions of the anion species with the electrolyte. 
I.2.2.3 Antiwear and lubricant additives 
Up to now, little research has been conducted on the tribological properties of CNT–IL 
hybrids. They have started to be investigated only recently for potential applications as 
lubricant and antiwear additive. Although CNTs are considered as a good solid lubricant with 
an ultra-low friction coefficient, they do not always improve wear and friction properties of 
the matrix polymer [130]. As IL is known to exhibit good tribological performance, CNTs can 
be modified by ILs to improve the tribological properties of polymer composites. Most of the 
work on this topic to date has been carried out by Bermudez et al.  They investigated the 
influence of addition of CNTs modified by ILs on the wear, abrasive wear and friction 
behaviours of polymers [130,131]. They added SWCNTs modified by [OMIM]BF4 into 
different types of thermoplastics. The results have shown that the addition of modified CNTs 
does not have the same influence on all types of polymers (Table I.4). This can be attributed 
to the differences in the distribution of CNT–ILs in different polymer matrices [131]. The 
authors obtained the best performance concerning the tribological properties with polystyrene 
(PS). 
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Table I.4. Dry friction coefficients of polymers and polymer composites [131]. 
Material  Friction coefficient (standard deviation) 
PS 1.06 (0.035) 
PS + 1%CNT 0.89 (0.089) 
PS + 1%mCNT 0.86 (0.042) 
PMMA 0.10 (0.013) 
PMMA + 1%CNT 0.88 (0.071) 
PMMA + 1%mCNT 1.04 (0.013) 
PC 1.19 (0.036) 
PC + 1%CNT 1.17 (0.082) 
PC + 1%mCNT 1.15 (0.015) 
PS : polystyrene ; PMMA : polymethylmethacrylate ; PC : polycarbonate; mCNT : IL-modified SWCNT. 
 
Neat ILs have proven to have potential applications as lubricant or lubricant additives for 
various materials due to their good tribological performance even under harsh conditions 
[130]. Anti-wear properties of ionic liquids can be further improved by using additives and 
CNTs can be used as additive. However, here as well, the dispersibility of CNTs is a key 
factor to improve the tribological properties of pure IL, as poorly dispersed CNTs may cause 
abrasive wear [44]. Several groups [44,132] added MWCNTs chemically modified by a 
hydroxyl/amine terminated IL into IL lubricants (i.e., [BMIM]PF6 and 1-methyl-3-
hexylimidazolium hexafluorophosphate) and obtained improved lubricant performances for 
steel–steel contact at CNT–IL concentrations as low as 0.1 wt.%. The authors attributed the 
higher performances to the unique shape of CNTs, which disperse uniformly in the lubricant 
upon modification with IL. CNTs can also be used as additive for IL lubricants without being 
subjected to chemical modification. As an external lubricant for polycarbonate-stainless steel 
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contact, the mixture of CNTs and 1-octyl-3-methylimidazolium chloride, [OMIM]Cl, 
decreased the friction coefficient up to 70 % with respect to the neat IL [49]. Ultrasonication 
increases the efficiency of lubrication. Ultrasonicated samples showed significantly better 
performance compared to solely mechanically ground ones.  
I.2.2.4 CNT–IL/Polymer composites 
CNTs are ideal candidates for reinforcing and electrically conducting fillers in high strength, 
light-weight, multifunctional polymer composites. However, there are several challenges for 
developing high performance CNT/polymer composites, including homogeneous dispersion 
of CNTs in the polymer matrix and achieving strong interfacial bonding between the CNTs 
and the matrix. To overcome the problems associated with agglomeration and compatibility 
between CNTs and the matrix, CNTs have been modified using covalent or non-covalent 
approaches. Non-covalent approaches, which are usually preferred to preserve the original 
CNT structure, include addition of surfactants and aromatic molecules. However, these 
compounds are usually toxic and their presence can impair the properties of the composite, 
thus post-treatment process is usually required to remove these additives [137]. Furthermore, 
their processing temperatures are limited. ILs can provide an easy way to prepare 
CNT/polymer composites by means of cation–– or van der Waals interactions. Due to 
their high-thermal stability, they easily endure the high temperatures used during the melt-
blending process of the polymers [13]. Since most polymers are melt-blend processed or 
cured at temperatures higher than 473 K, thermal stability is an important aspect that should 
be taken into account in the choice of the appropriate dispersant. Moreover, the combination 
of their properties can be used to fabricate multi-functional polymer composites. Based on the 
requirements an optimal IL amount should be chosen in the composites. While CNTs disperse 
better by increasing the IL amount, excess IL can act as plasticizer and affect the mechanical 
properties of the resulting composite [12]. Bellayer et al [13] prepared a polystyrene (PS) 
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composite by melt mixing at 468 K with 1,2-dimethyl-3-hexadecylimidazolium 
tetrafluoroborate, ([DMHDIM]BF4, modified MWCNTs. From the TEM images of PS 
composites at a CNT loading of 0.5 wt.% (Figure I.22), it is observed that after IL 
modification, the dispersion of the CNTs has significantly improved when compared to before 
modification. 
 
Figure I.22. TEM images of PS/MWCNT (without [DMHDIM]BF4) (a) and PS/MWCNT–
[DMHDIM]BF4 (1:1) (b) [13]. 
 
ILs have been particularly used to produce high-performance elastomer composites with 
homogeneously dispersed CNTs [133–135]. Sekitani et al [133] dispersed super-growth 
SWCNTs uniformly in a fluorinated polymer matrix with the aid of an IL ([BMIM]NTf2). 
They first prepared a bucky gel by grinding the CNTs with the IL and then incorporated it in 
the polymer matrix by stirring and sonication. In this way, they could increase the CNT 
content up to 20% in the composite and fabricate an elastic conductor without impairing the 
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mechanical properties of the matrix. In another study, an IL with an ethylene end group acts 
as a coupling agent between the CNTs and the matrix by reacting with the active sites of a 
diene rubber during the curing process [135]. The coupling ILs showed the best improvement 
in the conductivity and elastic properties of the rubber composites among others. With the 
incorporation of 3 wt.% CNTs, the conductivity increased by seven orders of magnitude. The 
TEM images in Figure I.23 show the interesting morphology of the composite. At low 
magnification (Figure I.23 (a) and (b)) a relatively well dispersed CNT network is observed. 
The dark phases that are observed consist of a three-dimensional interconnected glob like 
structures called “cellular structures” (Figure I.23 (c) and (d)), which further indicates the 
strong binding between the CNTs and the matrix. 
 
In another study, Subramaniam et al [12] developed a polychloroprene based conducting 
elastic material by the incorporation of non-covalently modified MWCNTs using IL 
([BMIM]NTf2). A loading of 3 wt.% CNT resulted in an increase of nine orders of magnitude 
in the initial electroconductivity of the insulator polymer. When a conducting polymer is used 
as matrix, the enhancement of the electrical properties is more pronounced in the 
CNT/polymer composites [136]. For example, when PIL functionalized SWCNTs were added 
into a conducting polymer, i.e., poly(3,4-ethylenedioxythiophene) (PEDOT), at a loading of 
only 0.4 %, the increase in the electroconductivity was over 20-fold [136].  
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Figure I.23. TEM image of cross-linked rubber matrix loaded with 3 wt.% CNTs in the 
presence of 1-allyl-3-methylimidazolium chloride (a) exhibiting the evenly distributed CNTs 
with interconnecting network, (b) overall dispersion of the CNTs, (c) the clusters of ‘cellular 
structure’ formed by CNTs and (d) a magnified image of the cellulation structure [135]. 
 
 
Figure I.24. (a) SEM image on the crack-section of SWCNT–PIL:PEDOT hybrid film. (b) 
TEM images of SWCNT–PIL:PEDOT hybrids [136]. 
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Figure I.24 (a) shows the crack section of the composite film. The homogeneous dispersion of 
CNTs in the crack section and the bundles bridging the crack faces are observed. The TEM 
image confirms that the PEDOT layer is adsorbed onto the SWCNT surface (Figure I.24 (b)). 
A different approach to fabricate CNT/polymer composite with the aid of IL is to modify the 
polymer with the IL before CNT addition. For example polyurethane was chemically 
modified with IL units to form a new kind of poly(ionic liquid) [137]. The added CNTs 
dispersed well in the matrix by interacting with the IL moieties of the polymer and resulted in 
a composite with enhanced mechanical and thermal properties.  
 
Recently, imidazolium-based ionic liquids have been found to be good solvents for cellulose 
[138]. These ILs have also been used to prepare electrically conducting CNT reinforced 
cellulose fibers [138,139]. In these studies, before incorporation into the cellulose matrix, 
CNTs have been non-covalently modified by IL. This modification increased their 
dispersibility in cellulose. For example, a CNT reinforced cellulose fiber has been prepared by 
dry-jet-wet-spinning method at different loadings of 1-allyl-3-methylimidazolium chloride 
modified MWCNTs [138]. The increase in the tensile strength of the resulted fiber was 
highest (40 %) at a CNT loading of 4%. Higher CNT loadings resulted in aggregation of 
CNTs. In another study [139], the maximum increase in the tensile strength of the spun 
cellulose fiber was 30% at a CNT loading of 7%, using MWCNTs non-covalently modified 
with 1-ethyl-3-methylimidazolium acetate. 
I.3. Graphene-IL hybrids 
I.3.1 Preparation and characterization 
Graphene, a one-atom-thick planar sheet of sp2 hybridized carbon, has emerged as a 
promising new nanomaterial for a variety of potential applications including electronic and 
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optoelectronic devices, chemical sensors, nanocomposites and energy storage [140]. Like 
CNTs, graphene exhibits many outstanding properties such as large specific surface area, high 
electrical and thermal conductivity, excellent chemical stability and mechanical stiffness. 
Graphite, which is cheap and readily available, consists of stacked graphene sheets (GSs). 
Therefore, one of the most convenient methods for the mass production of graphene sheets is 
the exfoliation of graphite in the liquid phase [141]. Recently, many attempts to produce 
graphene sheets in large quantities via chemical reduction of exfoliated graphite oxide (GO) 
have been reported [142]. During the oxidation process of graphite, the unique electronic 
properties of graphene dramatically degrade. The electrical conductivity of the graphene 
oxide sheets can be partially restored by the reduction step; however, this results in their 
irreversible agglomeration. Therefore, different strategies to disperse graphene sheets before 
or during reduction step have been used, including pH-controlled reduction, stabilization by 
various polymeric or surfactant dispersants and covalent/non-covalent functionalization [143]. 
Ionic liquid, which has been proved to be effective for CNT functionalization, can also be 
used for covalent and non-covalent functionalization of graphene.  
 
The exfoliation of layered graphene oxide in aqueous and organic solvents has been shown to 
be highly improved by the ring-opening reaction of the epoxy groups present in the GO 
structure with the amine end groups of an IL [143]. Both the repulsion between the resultant 
cation-charged GO sheets and the high solubility of the grafted IL contribute to the formation 
of long-term stable graphene dispersions in a wide range of aqueous and organic solvents. The 
average interlayer spacing between the exfoliated graphenes in water increased from around 
0.96 nm for the well exfoliated GO sheets to 1.49 nm due to the presence of IL. 
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Figure I.25. Preparation of imidazolium-modified graphene-oxide hybrid materials. (i) 
Oxalyl chloride (COCl)2, 80 °C, 18 h, (ii) 1-(3-aminopropyl)imidazole, 100 °C, 18 h, (iii) 1-
bromobutane, 90 °C, 18 h [145]. 
 
By using the same approaches used for the covalent functionalization of CNTs, IL units can 
be grafted to the carboxylic acid groups of GO (Figure I.25) [143,144]. The resultant IL-
grafted GOs can be dispersed in various organic solvents. By subsequent anion-exhange 
reaction, an extra functionality can be introduced to graphene. For example Karousis et al 
[145] used a photoactive anionic porphyrin as counter anion of the IL-grafted graphene sheets 
for potential application in optoelectronic devices.  
IL can adsorb on the graphene surface through the non-covalent interactions of anion and/or 
cation with graphene. Recent studies [146,147] show that for hydrophobic IL, both the anion 
and cation – the imidazolium ring slightly tilted to the surface plane with the alkyl chain 
extended parallel to the surface plane – are orientated at the graphene surface. For hydrophilic 
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IL, there is no immediate interaction between the anion and graphene surface. The results also 
show that there is some charge transfer between the ions and graphene. Thanks to these 
interactions, it is possible to exfoliate graphite into graphene sheets and to prepare processable 
graphene dispersions using IL. Wang et al [148] obtained few-layer graphene sheets, mostly 
with less than five layers, by direct exfoliation of pristine graphite in [BMIM]NTf2 and 
[BMPy]NTf2 with the aid of sonication for one hour. The resulting colloidal suspension had a 
concentration of 0.95 mg mL–1 of exfoliated graphene. Nuvoli et al [149] showed that by 
optimizing the initial graphite concentration and  increasing the sonication time up to 24 h, it 
is possible to obtain a few-layer graphene concentration as high as 5.33 mg mL–1. The high 
exfoliation of graphite in IL is attributed to the surface tension of ILs close to that of graphite, 
which favors the exfoliation process, and to the ionicity of ILs, which stabilizes the exfoliated 
graphene sheets. Zhang et al [150] successfully prepared stable dispersions of reduced 
graphene oxide (rGO) sheets in hydrophilic imidazolium- and pyridinium-based ionic liquids 
at relatively high concentrations, up to 7.0 mg mL–1, without the addition of a stabilizer or 
surfactant. The resulting graphene-IL dispersions can be dispersed in various organic solvents. 
Alike CNTs, graphene sheets can also form a gel hybrid by grinding or sonicating a mixture 
of graphene and IL, suggesting a similar molecular ordering of IL through cation– and/or –
 interactions [150–153]. The SEM images in Figure I.26 (c) and (d) show the surface 
morphology of the graphene–IL gel. 
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Figure I.26. SEM images of 3-D graphene material with low (a) and high (b) magnification; 
and of 3-D graphene/IL gel nanohybrid with low (c) and high (d) magnification [151]. 
Polymeric ionic liquids have also been used to obtain long-term stable dispersions of 
graphene sheets in IL, aqueous or organic media [142,154–156]. The addition of a hydrophilic 
PIL followed by the reduction step of suspended GO sheets in water results in a highly stable 
aqueous dispersion of graphene sheets, which can be extracted into a hydrophobic IL phase 
[142], or readily transferred to an organic phase by an in situ anion exchange step [154]. It 
should be noted that polymeric form of IL highly increases the stability of graphene sheets 
during the reduction process. Furthermore, the reducing capability of imidazolium-based PIL 
leads to a more effective reduction of graphene oxide as confirmed by XPS [156]. Figure I.27 
(a) and (b) shows the TEM images of the PIL modified and unmodified GO sheets after 
chemical reduction. It is observed that in the absence of PIL, reduced GO sheets form thick 
multilayers by stacking, while PIL modification results predominantly in thin graphene layers 
composed of single- or few-layer graphene sheets. AFM analysis gives the average thickness 
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of graphene layers.  The average thicknesses of a graphene sheet and a GO sheet are 0.34 and 
~1 nm, respectively. The reported average thickness values for various PIL–graphene sheets 
prepared in different studies are between 1.6 nm and 3.0 nm [142,154–156]. The difference in 
thickness between a monolayer of GO and graphene-PIL sheet is likely due to the adsorbed 
PIL. Preparation of GO sheets and their in situ or subsequent functionalization can be time- 
consuming and polluting if hazardous chemicals are used.  
 
Figure I.27. TEM images of the chemically converted graphene sheets (a) in the presence of 
and (b) in the absence of PIL; (c) tapping mode AFM image of the PIL–rGO processed from 
organic suspension. Height profiles across the PIL–rGO sheets indicating a thickness of ~ 1.9 
nm [154]. 
Alternatively, by using an electrochemical process, graphene sheets can be directly obtained 
from graphite with the aid of IL under mild conditions. As illustrated in Figure I.28, pristine 
graphite rods are electrochemically exfoliated in IL and water at room temperature [141,157]. 
The resultant IL functionalized graphene sheets have an average thickness of 1.1 nm as 
determined by AFM. Taking into account the thickness of the IL layer, it has been shown that 
with this method it is possible to obtain individual graphene nanosheets in one step.  Further 
65 
 
studies [158] on the mechanism of this exfoliation revealed that the graphite exfoliation 
occurs by a complex interplay of water oxidation at the anode and intercalation of IL anions. 
It has been shown that by altering the water content and the counter anion of IL, it is possible 
to produce different types of carbon nanomaterials, including graphene sheets, graphene 
nanoribbons and carbon nanoparticles. XPS analysis revealed that this method also generates 
oxygen containing groups on the graphene. The chemical functionalization of the graphene 
sheets by ILs occurs only when a concentrated IL with less than 10% water content is used as 
electrolyte. The as-functionalized graphene sheets have a higher conductivity (by an order of 
magnitude) than the rGO ones. 
 
 
Figure I.28. Experimental set-up diagram for electrochemical exfoliation of graphite (left), 
and the exfoliation of the graphite anode (right) [141]. 
 
I.3.2 Potential applications of graphene-IL hybrids 
I.3.2.1 Electrochemical sensors and biosensors 
Graphene has emerged as a new material which competes with CNTs for fabricating 
electrochemical sensing and biosensing devices, owing to its large specific surface area, good 
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biocompatibility and ability to promote electron transfer between electroactive species and 
electrodes [159]. As in the case of CNTs, the studies on potential applications of graphene–IL 
hybrids are concentrated in the field of electrochemistry, particularly in the area of sensing. 
As expected, modification with IL improves the stability and dispersion of graphene sheets as 
well as the electron transfer between the target species and graphene. Moreover, the 
combination of graphene sheets and IL via physical or chemical interactions can provide a 
favorable micro-environment for the immobilization of enzymes/proteins, and IL can enhance 
their catalytic activity. To date, graphene–IL modified electrodes have been successfully 
applied to detect organic and inorganic molecules such as glucose [160–162], hydroquinone 
[163], catechol [163], guanine and adenine [165], ascorbic acid [165], dopamine [165], 
ethanol [166], trinitrotoluene (TNT) [152,167], azithromycin [168], 2-chlorophenol [169], 
hydrogen peroxide [170–173], nitric oxide [151] and nitrate [174]. Graphene–IL based 
biosensor has also been used to detect DNA damage [175]. In these studies, graphene has 
been used as thermally or chemically rGO. In a study [166], it was reported that after 
reduction of the oxygen containing groups of the IL functionalized GO, the graphene 
promoted the electron transfer of NADH oxidation much better. Alternatively, 3-D graphene 
sheets, which are obtained by heating graphite oxide under vacuum at 423 K, have also been 
used [151,152]. Table I.5 summarizes the graphene–IL electrochemical sensors for which 
detection limits have been reported. 
Table I.5. Detection limits of GS–IL modified electrodes 
Electrode Immobilized enzyme Target species Detection 
limit  
Ref. 
GS–[BMIM]PF6/AuE Glucose oxidase Glucose 0.376 mM [161] 
GS–poly[VBIM]Br/GCE Glucose oxidase Glucose 0.267 mM [162] 
67 
 
PFIL : Polyethylenimine-functionalized IL; PDDA : poly(diallyldimethylammonium chloride); CPE : Carbon 
paste electrode; CCE : Carbon ceramic electrode; CTAB : Cetyltrimethylammonium bromide; NH2-IL : 1-(3-
aminopropyl)-3-methylimidazolium bromide. 
GS–[BMIM]BF4-AuNPs/GCE Glucose oxidase Glucose 0.13 mM [176] 
GS–NH2–IL–Chitosan/GCE Alcohol dehydrogenase Ethanol 5 M [166] 
(GS–PDDA)–[BMIM]BF4–
PDDA/GCE 
Hemoglobin Nitrate 0.04 M [174] 
(GS–TiO2)–[BMIM]PF6–
Chitosan/GCE 
Hemoglobin H2O2 0.3 M [170] 
GS-[BMIM]PF6/CCE Hemoglobin H2O2 0.3 M [172] 
GS–[BMIM]PF6–CTAB/GCE Myoglobin H2O2 1.29 M [173] 
GS–PFIL-Prussian blue/AuE – H2O2 1 M [171] 
GS–[BMIM]PF6/GCE – Azithromycin 0.19M   [168] 
(GS–PDDA)–[BMIM]BF4–Pd–
Nafion/GCE 
– 2-Chlorophenol 1.5M   [169] 
GS-[BMIM]PF6/GCE – Hydroquinone 10 nM [163] 
GS-[BMIM]PF6/GCE – Catechol 20 nM [163] 
((3D-GS)–[BMIM]PF6)gel–
Nafion/CPE 
– Nitric oxide 16 nM [151] 
GS–NH2–IL/CPE – Guanine 65 nM [164] 
GS-NH2-IL/CPE - Adenine 32 nM [164] 
GS-NH2-IL/GCE - Trinitrotoluene 4 nM [167] 
((3D-GS)-[BMIM]PF6)gel/CPE - Trinitrotoluene 0.5 nM  [152] 
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It has been reported that graphene usually exhibits better electroanalytical or electrochemical 
performance than CNTs [159]. As for CNT– and graphene–IL based sensors, the published 
results cannot be compared to each other because those electrodes were prepared by different 
methods. There are just a few comparative studies in the literature. In two studies [152,167] 
where MWCNT– and graphene–IL based paste and glassy carbon electrodes were 
investigated for TNT detection, it was demonstrated that graphene based ones displayed 
higher charge transfer rate and better conductivity as compared to CNT–IL based ones. 
Furthermore, they exhibited higher sensitivity and lower detection limit for TNT sensing. Ng 
et al. [151] found that glassy carbon electrode modified with graphene-IL gel hybrid exhibited 
a higher response for NO detection compared to the one modified with MWCNT–IL gel 
hybrid. The authors attributed it to the larger electrochemically active surface area of 
graphene–IL gel hybrid. A recent study [177] showed that graphene–IL hybrid can also be 
used for highly selective gas sensing. Graphene–IL films were prepared by reduction of GO 
sheets in the presence of IL. The authors constructed a gas sensor using layer-by-layer 
assembly of these films with a polymer on an appropriate solid support. The graphene layers 
are separated by the intercalation of IL and the spacing between the layers can be controlled 
by the length of the alkyl chain of the imidazolium salt. Depending on the IL type and the 
spacing between the layers, the amount of the adsorbed gas can be controlled. Gas sensor 
based on GO without an IL component gives no adsorption.  
I.3.2.2 Graphene–IL/polymer composites 
The polymer nanocomposite field is currently dominated by CNT as filler. Graphene has also 
great potential as nanofiller in polymer composites. It has been demonstrated that at low 
nanofiller content, graphene nanosheets are more efficient than CNTs in transferring their 
mechanical properties to the composite because of their higher specific surface area, two-
dimensional geometry and improved adhesion at the nanofiller–polymer interface [178]. 
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While the inner surface of CNTs is inaccessible to polymer molecules, the entire volume of 
graphene is exposed to its surrounding. Due to its geometry, graphene nanosheet is also more 
effective in conductivity enhancement than CNTs [179]. As with CNTs, the major challenge 
in the processing of bulk-quantity graphene sheets is the prevention of aggregation. The 
dispersions of IL functionalized graphene sheets allow graphene sheets to be intimately mixed 
with many organic polymers, facilitating synthesis of graphene-polymer composites. Liu et al 
[141] prepared a graphene/polystyrene composite by blending IL functionalized graphene 
sheets and polymer in an organic solvent. The compatible groups present in the polymer and 
IL resulted in strong polymer-graphene interface, which was observed by UV–Vis 
spectroscopy. The authors reported that the resultant composite has an electrical conductivity 
3–15 times better than that of PS composites filled with SWCNTs. Zhou et al [155] used a 
“grafting from” approach to prepare graphene/polyaniline (PANI) composite nanosheets with 
high electrical conductivity. The S2O8
2– counter anion of the PIL adsorbed on the graphene 
sheets by non-covalent interactions initiates the oxidative polymerization of aniline on the 
surface of the graphene sheets. The authors observed that during polymerization, PANI 
replaces the adsorbed PIL on the surface of graphene sheets by its stronger  interactions 
with the graphene. In the absence of PIL, the same polymerization reaction results in a 
mixture of aggregated graphene and PANI. Similarly to the study performed with CNTs 
[136], Tung et al [156] anchored PEDOT, a conjugated electroactive polymer, on polymerized 
ionic liquid modified graphene. The 22-fold increase in the electrical conductivity of the 
resultant composite at a loading of 0.3 wt.% is comparable to the 20-fold increase obtained 
with the similar composite based on SWCNTs at the same loading. Saxena et al [157] 
incorporated graphene sheets electrochemically functionalized with a fluoroalkylphosphate 
based imidazolium IL into PEDOT, a conjugated electroactive polymer, and investigated the 
electrochemistry and electrochromism of the resultant nanocomposite films. During the 
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oxidative electropolymerization process, the rate of polymerization was much higher in the 
electrolyte consisting of IL-functionalized graphene sheets than in the one consisting of the 
rGO sheets, owing to the favorable nucleation effect of IL counter anion. The deposited IL-
graphene/PEDOT films displayed higher electrochemical activity, larger optical modulation, 
higher electronic conductivity, improved electrochromic coloration efficiency and faster 
color-switching response compared to rGO/PEDOT films. 
 
 
Figure I.29. HRTEM images of (a) neat IL functionalized graphene (ILFG), (b) neat RGO, 
(c) the PEDOT-RGO nanocomposite, (d) PEDOT-ILFG, (e) coexisting crystalline and 
amorphous phases in PEDOT-ILFG and (f) a relatively defect free crystalline of ILFG in 
PEDOT-ILFG [157]. 
The HRTEM image of neat ionic liquid functionalized graphene (ILFG) in Figure I.29 (a) 
shows the crumpled silk-like monolayers and few layers of graphene, which are seen as 
darker regions. The thickness of the monolayer is 1.1 nm as shown in the right inset. There 
are also some aggregated flakes, which are shown in the left inset. The lattice fringes of 0.85 
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nm corresponding to the IL functionalized graphene stacks in the polymer are higher than the 
lattice constant of 0.34 nm probably due to the entrapped IL cations (Figure I.29 (f)).  Reddy 
et al [153] used a bucky gel based on reduced GO layers and an imide anion-based 
imidazolium IL to improve the redox, electronic and optical properties of another conductive 
polymer, poly(3,4-ethylenedioxypyrrole). In another study [180], a solid polymer electrolyte 
membrane with high mechanical strength and ionic conductivity was fabricated by 
incorporating PIL modified graphene sheets into a protic IL/sulfonated polyimide matrix. 
Concerning the ionic conductivity, loading of functionalized graphene at only 0.5 wt.% 
enables to reduce the protic IL content of the membrane by 20%. However, further graphene 
loading reduces the conductivity of the material. At high operating temperatures (373–423 K), 
the value of the storage modulus of the resultant hybrid increases up to 25 times compared to 
the neat membrane.  
I.3.2.3 Other applications 
Other potential applications of graphene-IL hybrids have also been explored in diverse areas, 
such as support for metal nanoparticles, electrode in super capacitors, quasi-solid state 
electrolyte for dye-sensitized solar cells and additive in IL lubricants. IL coated graphene 
sheets provide large surface area with abundant nucleation sites for growing nanoparticles. 
For example, Marquardt et al [181] formed and deposited small Ru and Rh nanoparticles with 
narrow size distributions (Ru = 2.2 ± 0.4 nm and Rh = 2.8 ± 0.5 nm) on the surface of 
thermally reduced graphene sheets, which were well separated into individual flakes in the IL. 
Yang et al [176] obtained uniformly distributed, small gold nanoparticles using graphene 
sheets non-covalently functionalized with IL as support. As shown in the TEM micrograph in 
Figure 29c, nanoparticles of 7.2 ± 0.17 nm are uniformly distributed on the surface of the 
graphene coated with IL. According to the AFM images in Figure I.30b and d, the average 
thicknesses of the graphene-IL layer and the gold nanoparticles are 1.5 ± 0.22 nm and 7.1 ± 
72 
 
0.23 nm, respectively. The authors constructed a high performing glucose sensor using this 
hybrid material. Li et al [165] prepared graphene sheets functionalized with a polymer bearing 
IL units, which they used as support to grow and stabilize Pt nanoparticles of an average size 
of 2.1 nm. The resultant hybrid can be efficiently used for the simultaneous determination of 
ascorbic acid and dopamine. This is achieved partly by the electrostatic attraction of the 
cationic IL polymer to negatively charged ascorbic acid and rejection to positively charged 
dopamine. 
 
 
Figure I.30. (A and C) TEM micrographs of rGO-IL and AuNP/rGO-IL hybrids. (B and D) 
AFM images of rGO-IL and AuNP/rGO-IL hybrids. Inset is line profile across the rGO-IL 
and AuNP/rGO-IL hybrids showing the roughened surface profile, respectively [176]. 
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Figure I.31. TEM micrographs of (A) IL-GO-AuPd NPs and (B) polyethenimine 
functionalized GO-AuPd nanohybrids [182]. 
Chai et al [182] assembled hollow flower-like AuPd alloy nanoparticles on the surface of IL-
functionalized graphene by blending. The well-distributed IL moieties grafted on the epoxy 
groups of the GO act as a binder between the nanoparticles and the graphene surface. As seen 
in the TEM micrograph in Figure I.31a, the nanoparticles are uniformly adsorbed on the 
surface of the positively charged graphene-IL sheets, whereas only few particles are attached 
to the edges and folds of the polyethenimine functionalized graphene (Figure I.31b). This is 
because the polymer attaches rather to the highly active –COOH end groups, which are found 
mostly on the edges of graphene. The as-prepared graphene–IL–AuPd nanoparticle hybrid 
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exhibited higher electrocatalytic activity than AuPd nanoparticles toward the oxidation of 
formic acid. Zhu et al [183] assembled IL-grafted graphene and platinum nanoparticle films 
using a layer-by-layer assembly technique. The introduction of IL on the surface of graphene 
sheets does not only enable to disperse well the graphene sheets in water during processing 
but also provides a building block for the assembly of the nanohybrid layers. The as-
developed nanohybrid material exhibits high electrocatalytic activity toward oxygen 
reduction. Supercapacitor constructed based on rGO electrode and IL electrolyte has showed 
excellent performance with a specific capacitance of 132 F/g [184]. In a study [185], PIL 
modification of rGO enhanced the compatibility of the electrode with the IL electrolyte. 
Moreover, the PIL between the graphene sheets increased the accessibility of the IL 
electrolyte by increasing the interlayer spacing. The resultant supercapacitor exhibited a 
specific capacitance of 187 F/g. Very recently, Zhu et al [186] achieved an estimated practical 
energy density of ~ 20 Wh/kg, comparable to that of conventional lead-acid batteries, using 
an activated microwave-expanded GO with an extremely high surface area as electrode and 
[BMIM]BF4 as electrolyte.  
Ahmad et al [187] used carbon based nanomaterials in ionic liquid as quasi-solid state 
electrolyte for dye-sensitized solar cells. Addition of between 20 and 40 wt.% graphene in IL, 
1-methyl-3-propylimidazolium iodide, [MPIM]I, results in a quasi-solid state product. The 
light conversion efficiency of the neat electrolyte, [MPIM]I, can be increased from 0.16% to 
1.43%, 2.10% and 2.50% by using SWCNTs (7 wt.%), graphene (30 wt.%) and a mixture of 
graphene (12 wt.%) and SWCNTs (3 wt.%) as the extended electron transfer materials, 
respectively. The use of graphene sheet as the load-carrying phase in the RTIL-based 
nanohybrid lubrication films for surfaces like polished silicon and diamond-like carbon can be 
quite interesting to improve the nanotribological properties of the films. However, dispersion 
of the graphene sheets in the IL phase is a great challenge. Pu et al [188] showed that by the 
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addition of reduced graphene sheets, non-covalently functionalized with [BMIM]BF4 at a 0.2 
wt.% loading, the nanolubricating and antiwear properties of [BMIM]PF6 are highly 
improved. 
I.4. Concluding remarks 
Carbon nanotubes, due to their outstanding mechanical, thermal and electronic properties, and 
ionic liquids, as green media, have been extensively studied during the last two decades. In 
spite of these massive research investments, up to now, and for different reasons, relatively 
few industrial applications based on these potentially high value chemicals have emerged. In a 
relatively short period of time, a large body of work has been devoted, both in the academia 
and industrial sectors, to the combination of these two chemicals to produce hybrid materials 
that should allow fully exploiting the properties of each of the components. In particular, 
several studies have shown that the dispersibility of CNTs in polymeric matrices, or the 
dispersion of nanoparticles on graphene can be highly improved by IL incorporation. Thus, a 
rich chemistry based on the covalent or non-covalent grafting of IL or polymerizable IL 
species on CNT and, more recently, graphene has emerged. However, today, the exact nature 
of the non-covalent interaction between a graphene surface and ILs is poorly understood, and 
both experimental and modelling studies are definitively needed for a better understanding of 
such interaction, which can allow the production of gels. A better understanding of the surface 
chemistry, as well as a good control of CNT quality (length, diameter, helicity) should allow 
the definition of high performance materials for different applications such as sensors, 
actuators, antiwear and lubricants, electrocatalysis or energy converters.  
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Chapter II: Non-covalent functionalization of multi-walled carbon 
nanotubes with polymerized ionic liquids 
 
II.1 Introduction 
 
Non-covalent treatment is particularly attractive because of the possibility of adsorbing 
various groups on CNT surface without disturbing the extended conjugation of the 
nanotubes. The main advantage of using polymers instead of small molecular surfactants is 
that the polymers provide coatings with considerably higher integrity and stability as they 
have much more sites to interact with the CNT surface. Their extended chains can also 
provide sufficient steric interactions to repel nanotubes from each other for stabilization. Non-
covalent adsorption can be regarded as functionalization if the polymers form an irreversible 
layer on the surface of CNTs. In order to understand the non-covalent functionalization, it is 
instructive first to take a brief look at the general adsorption phenomenon of polymers on the 
surface of CNTs. 
 
II.1.1  Adsorption of polymers on the surface of CNTs 
II.1.1.1 General adsorption phenomenon  
Polymers adsorb onto the surface of CNTs through physical interactions, disrupting the van 
der Waals interactions that cause CNTs to aggregate into bundles. The polymer alters its 
lowest energy configuration (coil configuration in a solvent) in order to coat or wrap around 
the nanotube in an ordered fashion due to the interaction with the nanotube [1]. The 
separation of CNT bundles is suggested to occur through a so-called ‘‘unzipping’’ mechanism 
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(Figure II.1), where penetration of polymer segments into the spaces between CNTs, as they 
wrap around the CNT surface, leads to the debundling of CNT aggregates [2]. 
 
 
Figure II.1. Illustration of the so-called “unzipping” process of CNT bundles by polymers 
[3]. 
 
Many experimental works have reported adsorption of polymeric chains on the surface of 
CNTs from either aqueous or organic solvents [4]. However, the driving forces in determining 
the polymer-adsorption of CNTs have been widely debated. In general, it has been accepted 
that various noncovalent intermolecular interactions, such as ππ, CHπ, hydrophobic 
interactions and van der Waals attractive forces play a significant role in promoting the 
adsorption of chain-like polymers on the surface of CNTs. In addition to these interactions, 
the CNT radius and polymer stiffness are other important factors that contribute to polymer 
adsorption process, which will be discussed in this section. 
 
Before the helical polymer-wrapping process was proposed for CNTs [5], conjugated 
polymers, exhibiting strong  interactions had been exploited for the formation of 
polymer–CNT complexes [6]. Later, Connell et al [5] observed that various linear water-
soluble polymers wrap tightly around SWCNTs and proposed that wrapping is a general 
phenomenon driven largely by thermodynamics to eliminate the hydrophobic interface 
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between the tubes and their aqueous medium. According to their estimations, the free energy 
cost of forcing a linear polymer into a wrapping conformation around a nanotube is largely 
less than the energy gain by the elimination of the hydrophobic interface. The same authors 
proposed a multi helical wrapping conformation for the semi-flexible and rigid chains, which 
allows high surface coverage with low backbone strain (Figure II.2). 
 
 
Figure II.2. Possible helical wrapping arrangements [5]. 
 
On the other hand, Baskaran et al [7] suggested that adsorption is a universal phenomenon 
that could occur from nonspecific molecular interactions between carbon-hydrogen groups 
(CH groups) of the polymers and -system of the CNT. Although this interaction is very weak 
(only one-tenth of the hydrogen bond), a long molecule containing many CH linkages would 
sufficiently interact with CNTs and form molecular complex under appropriate conditions. 
The authors used different types of common polymers such as poly(methyl methacrylate) 
(PMMA), polystyrene (PS) and polybutadiene (PBD), which are only CH donor molecules for 
examining the effect of CH interaction with the MWCNTs. Based on experimental results, 
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the authors also suggested that the polymer wrapping through CH interactions is 
discontinuous and does not cover all the surface of the CNT, leading to aggregation at high 
concentrations of CNT.  
 
 
Figure II.3. Simulation snapshots of flexible (top) and rigid (bottom) chains at different 
simulation times [8]. 
 
Later, Gurevitch et al [8, 9] showed by a systematic computational study that weakly 
attractive van der Waals interactions are sufficient to induce polymer wrapping of nanotube 
with sufficiently large outer diameter for all degrees of chain flexibility. They found that the 
adsorption behavior of the chains strongly depend on the cylinder radius and the degree of 
chain stiffness. The adsorbed conformations range from randomly adsorbed conformations of 
the flexible chain to perfect helical or multi-helical conformations of the rigid chains (Figure 
II.3). Adsorption appears to occur in a sequential manner, wrapping the nanotube nearly one 
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monomer at a time from the point of contact. Once adsorbed, the chains travel on the surface 
of the cylinder, retaining their helical conformations for the semi-flexible and rigid chains. 
While flexible chains show negligible overlap at high polymer concentrations leading to a 
thicker and nonuniform polymer coating, the semi-flexible and rigid chains wrap around the 
CNT in multiple helices, which results in uniform monolayer coverage of the nanotube 
surface. The driving force for helical adsorption of semi-flexible and rigid chains is entropic. 
On the other hand, flexible chains experience significant entropy loss upon adsorption and 
therefore adsorb in a “cloud” conformation, which balance the entropy loss and the gain from 
adsorption. Since only non-specific weakly attractive interactions were considered in these 
works, the authors concluded that helical wrapping of nanotubes is a ‘general phenomenon’ of 
semi-flexible and stiff polymers. Tallury et al [10, 11] also explored the effect of polymer 
stiffness on the SWCNT–polymer adhesion in vacuo via molecular dynamics (MD) 
simulations. Their simulations indicated that polymers with flexible backbones tend to adhere 
to the SWCNT in random conformations but not helically. In contrast, polymers with stiff and 
semi-flexible backbones tend to wrap around the SWCNT with more distinct conformations 
although not always helically.  
To directly image the wrapping requires scanning tunneling microscopy (STM), which is 
capable of providing the molecular level resolution necessary to distinguish wrapping from 
some other chain configuration. For example, a conjugated polymer, poly(3-hexyl-thiophene), 
has been shown to wrap around MWCNTs into a double helix by STM analysis (Figure II.4). 
From the above discussions, it can be derived that coating or wrapping is a general 
phenomenon occurring between polymers and carbon nanotubes, for which van der Waals 
attraction constitutes the leading driving force. On the other hand, specific monomer structure 
such as an aromatic ring or the nature of the atoms plays a very important role in determining 
the strength of the interaction between nanotubes and polymers. Several experimental and 
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theoretical studies [1, 12–15] showed that CNT has a good interaction with aromatic 
polymers. Figure II.5 shows examples of some commonly studied aromatic polymers. To 
maximize the interaction, aromatic rings align parallel to CNT surfaces, which increases 
the polymer–CNT adhesion. Yang et al [16] further investigated the effect of aromatic 
monomer structure and carried out MD simulations of the interactions of a number of 
polymers with SWCNTs. They found that polymers with backbones containing aromatic rings 
have stronger interactions with the CNT surface than those with aromatic side groups. 
Significant differences in adhesion energy also exist between similar polymers with different 
aromatic backbones [17]. 
 
Figure II.4. (a) Unfiltered STM image of a MWCNT covered by poly(3-hexyl-thiophene) 
self-organized into a coiled structure, (b) Schematic representation of a double helical 
structure with coils equally spaced at a distance a [18]. 
 
Figure II.5. Examples of investigated aromatic polymers. 
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Adsorption of polymers onto the CNT surface has been generally explained using neutral 
linear homopolymers as model, probably due to simplicity. This phenomenon can be further 
discussed for heteropolymers (copolymers), for other nonlinear polymer architectures, 
including dendritic polymers, or for ionic polymers, including polyelectrolytes and 
polymerized ionic liquids.  
II.1.1.2 Copolymers 
Owing to the strong  interactions with CNTs, conjugated or aromatic polymers have 
attracted considerable attention for the non-covalent surface modification of CNTs. However, 
this type of polymers has limited solubility, particularly in aqueous solutions, due to the 
strong inter-chain  interactions [19]. Block copolymers (BCPs) offer an advantage over 
homopolymers as the structure of the polymer blocks can be specifically designed to improve 
the performance of CNT–polymer composites. BCPs can be designed in such a way that one 
block of the polymer will form a close interaction with the CNT walls, while the other 
block(s) with affinity to the solubilizing medium will increase both the dispersion in 
appropriate solvents and the interfacial binding between the CNTs and the polymer matrix. 
For this reason, they are also called “amphiphilic copolymers”. Compared to homopolymers, 
BCPs adsorb on CNTs in more random wrapping conformations. A sufficiently long 
hydrophobic block will adsorb onto the CNT surface in a helical manner, whereas the polar 
block extends to the bulk [2]. This configuration not only provides steric repulsion between 
CNTs but also increases the adhesion between the CNT–polymer interface by allowing for 
entanglement between the adsorbed polymers and matrix polymers. As a result of this specific 
configuration, block copolymers are better dispersants for CNTs than the corresponding 
random copolymers [20]. Figure II.6 shows the blocks with affinity for the medium extending 
away from the nanotube, forming loops and tails for triblock and diblock copolymers, 
respectively. With short adsorbing blocks, a non-wrapping mechanism is also possible, which 
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has been reported to improve the dispersibility [20]. In addition, as amphiphilic block 
copolymers are known to have tendency to self-assemble, micelle formation on CNT surface 
has also been reported [21]. So far, a wide range of charged and neutral copolymers have been 
reported for CNT dispersion [19, 20, 22-27].  
 
 
Figure II.6. Simulation snapshots of (a) diblock and (b) triblock copolymer–CNT systems 
[2]. 
II.1.1.3 Dendritic polymers 
Dendritic polymers, including hyperbranched, multi-armed star and dendrimeric polymers 
have also been studied for the non-covalent surface modification of CNTs [28-35], but to a 
lesser extent than linear polymers. Depending on the degree of branching, these polymers 
either wrap around the CNTs or adsorb on the surface without wrapping due to their three-
dimensional globular and sphere like structural architectures. They exhibit higher solubility 
and lower viscosity in the melt and solution states compared to linear polymers of the same 
molar mass. If the branches contain certain types of groups such as aromatic, dendritic 
polymers have been reported to have stronger interactions with the CNT surface compared to 
their linear analogues, due to the expanded branches [32]. Furthermore, it is suggested that the 
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branched architectures can discriminate between different CNT diameters in contrast to their 
linear analogues [35]. The key to their success is that the highly branched polymer with an 
appropriate degree of branching provides certain pockets that offer better fit for the SWCNTs 
while linear polymer can wrap around CNT bundles as well as around single tubes. Figure II.7 
shows the illustrations of a variety of dendritic polymers adsorbed on the surface of CNTs. 
 
 
Figure II.7. Adsorption of (a) hyperbranched polymers, (b) dendron polymer and (c) six-
armed star polymers onto the surface of CNTs; and (c) a SWCNT accommodated in the 
pocket of a dendrimer polymer. 
II.1.1.4 Polyelectrolytes 
Polyelectrolytes partially or completely dissociate into ions in water, making the chains 
positively or negatively charged. Some common polyelectrolytes used for CNT modification 
are shown in Figure II.8.  
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Figure II.8. Examples of polyelectrolytes used for CNT modification. 
 
Although the mechanism and conformation of charged chains adsorbed on CNTs have been 
little studied compared to neutral polymer chains, they have been generally reported to wrap 
around CNTs similarly to neutral polymers, mostly in a helical manner [5, 36, 37]. The 
stabilization of polyelectrolyte coated CNTs can be explained by long-range repulsive 
interactions between the positively or negatively charged polymer chains, which prevent the 
possible aggregation of CNTs [38]. Dispersions of CNTs have been obtained with weak or 
strong polyelectrolytes such as DNA, polysoap, sodium polystyrene sulfonate (PSS), 
poly(diallyldimethylammonium chloride) and poly(allylamine hydrochloride) (PAH chloride) 
with varying degrees of success [39-42]. The conformation of the polyelectrolytes highly 
depends on the ionic strength of the solution. Huang et al [37] observed very little or no 
coating of PAH or PSS on SWCNTs at low ionic strength, but the thickness of the coated 
polymer increased steadily using layer-by-layer deposition method by the addition of NaCl 
into the solution (Figure II.9). The authors suggested that at low ionic strength, the polymer 
chains are too rigid to bend around the thin nanotube and the deposition cannot occur. On the 
other hand, they observed that deposition occurs on SWCNTs with larger diameter at all ionic 
strengths. Indeed, it is known that in the absence of salt, the chains of polyelectrolytes are 
locally rigid rod-like due to the intrachain electrostatic repulsion, and the polymer chains 
extend as the polymer concentration decreases [43]. A polyelectrolyte chain in salt solution 
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behaves as a semi-flexible polymer with salt-concentration-dependent persistence length. At 
sufficiently high salt concentration, the electrostatic interactions between the monomers are 
totally screened and the polyelectrolytes behave like neutral polymers in a good solvent. 
Temperature and pH are other factors that highly influence the deposition of polyelectrolytes 
on CNTs [44, 45]. It is evident that the adsorption mechanism and conformation are much 
more complicated for polyelectrolytes than for neutral polymers as they depend on many 
parameters and they still need to be studied further.  
 
 
Figure II.9. TEM images of single-walled carbon nanotubes after polymer deposition for 
ionic strengths of (A) 0.05 M, (B) 0.1 M, (C) 0.2 M, (D) 0.4 M, (E) 0.65 M, a nd (F) 1.05 M. 
(scale bar = 10 nm) [37]. 
II.1.1.5  Polymerized ionic liquids 
Polymerized ionic liquids can be classified as a new class of polyelectrolytes on the basis of 
their chemical structure. On the other hand, PILs are synthesized from liquid salt monomers 
in opposition to polyelectrolytes which are synthesized from solid salt monomers. Unlike 
polyelectrolytes, which are mostly water soluble, most PILs are soluble in polar organic 
solvents due to their hydrophobic counter-ions. As in the case of polyelectrolytes, PILs can be 
further classified based on the ionic charge they carry in the chain backbone, as polycations, 
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polyanions or polyzwitterions (Figure II.10). Although polyzwitterions are synthesized from 
solid salt monomers, they are usually included in the PIL family. Different types of 
copolymers and macromolecular architectures such as branched, dendritic or ramified 
structures are also potentially possible [46]. The largest variety of PILs synthesized so far 
include imidazolium based polycation-type PILs with a variety of counter-anions. Polyanion-
type PILs have been synthesized so far to a much smaller extent due to the relatively more 
difficult task of synthesizing anionic-type monomeric ILs. Polyzwitterions are a relatively 
unexplored area.  
 
 
Figure II.10. Representative chemical structures of polymeric ionic liquids. 
 
Little is known about the solution behaviour of PILs. The question is whether they behave 
similarly in organic solvents to strong polyelectrolytes in aqueous solution. The study of Chen 
et al [47] revealed solution behaviours such as viscosity scaling relationships similar 
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compared to other polyelectrolyte solutions. However, further properties should be 
investigated, such as the ionic association of PIL in various solvents. Some studies revealed 
some important aspects of the ionic association behavior of ILs in solution [48, 49]. The 
results suggested that organic solvents enhance the ionic association of ILs, whereas water 
promotes their dissociation significantly. It is also likely that polymerized ionic liquids are not 
dissociated in organic solvents inversely to polyelectrolytes in aqueous solutions. 
Furthermore, there is no systematic study on the mechanism of PIL adsorption onto the CNTs 
or on the conformation of the adsorbed PIL. Despite the lack of the knowledge in this field, 
several experimental studies show that PILs adsorb strongly onto the surface of CNTs 
[5054].  
II.1.1.6 Effects of defects and disorders in CNTs on polymer adsorption 
Adsorption of polymers has been explained considering that the nanotubes are defect-free 
perfect cylinders. However, it is nearly impossible to obtain perfect CNT samples. The 
question that naturally arises is whether the nature of polymer adsorption is altered by the 
defects or disorders present on the carbon nanotubes. The most conventional types of defects, 
like vacancies and interstitials, are introduced during post-synthesis and unlikely to be found 
in pristine CNTs [55]. Two adjacent pentagonheptagon pairs, known as Stone-Wales 
5775 defects, are relatively a common type of defect. Equally likely are various topology-
changing combinations of 57 pairs (Figure II.11). The concentration of these defects found 
on CNTs highly depends on the synthesis method. For example, it has been reported that the 
plasma method introduces about 2.5 times more above mentioned defects when compared to 
the chemical vapor deposition (CVD) method [55]. 
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Figure II.11. (a) A single 5-7 defect and (b) a 5775 Stone-Wales configuration [55]. 
 
Although the 57 defects create topological changes, such a pair will create only a small local 
deformation in the width of the nanotube and may also induce small localized bends in the 
nanotube body, depending on their orientation in the hexagonal network [56] (Figure II.12). 
Therefore, the cylindrical structure of the nanotubes is maintained. 
 
 
Figure II.12. Atomistic models of a metalmetal (a) and two metal-semiconductor (b,c) 
SWCNT heterojunctions [55]. 
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It must be pointed out that the CNT end cap is itself an unavoidable defect or cluster of 
defects. With a possible exception for very long CNTs, the concentration of two end defects 
per CNT is overwhelmingly larger than all other categories of intrinsic defects combined for 
high-quality CNTs [55]. Therefore, the concentration of intrinsic defects should be low 
enough not to have an influence on the adsorption of polymers. The effect should be more 
significant for CNTs with a large amount of defects. For example, when a conjugated polymer 
passes through regions with defects that break the conjugation, the polymernanotube 
interaction becomes weaker due to the diminished  interactions. Therefore, when CNTs 
are covered with such molecules, the effective interfacial area corresponding to the  
interaction will be lower for CNTs with higher defects [57]. A specific case is observed for 
crystalline polymers, where the intrinsic defects on the nanotube structure can act as 
nucleation sites for crystal growth [58]. 
 
Another category of disorder is due to impure or noncrystalline starting material. Unlike the 
point defects that are thermodynamically intrinsic to CNTs, amorphous carbons and distorted 
or incomplete graphitic shells are unnecessary but common products of CNT synthesis. While 
the incorporated disorders should not affect polymer adsorption onto the CNT surface, the 
carbonaceous materials found on the surface could have an influence as they prevent the 
polymer interaction with the tube walls. The extent of this influence is not known as 
theoretical studies consider mostly seamless perfect tubes but it has been reported that 
conjugated or/and aromatic polymers show preferential interactions with CNTs over 
amorphous carbon [59]. This technique has been even effectively used to purify CNTs; the 
residual amorphous carbon can be removed by filtration, and nanotubes can be recovered 
through polymer unwrapping that occurs by changing the solvent system [60]. Practically all 
CNTs contain these carbonaceous contaminants and it is very difficult to remove completely 
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these impurities without damaging the wall structure with the known purification methods 
including acid treatment. Nevertheless, experimental studies report the presence of adsorbed 
polymer layers on the surface of CNTs, which indicates that despite the presence of the above 
mentioned impurities, polymer wrapping/adsorption can still occur. 
 
For this study, we selected polymerized ionic liquids as ideal polymers for the non-covalent 
functionalization of pristine MWCNTs mainly for the following reasons:  
 
- PILs coat readily on the CNT surface without any additives or pretreatments; 
- with PILs usually high enough irreversible coating occurs due to the strong 
interactions with the CNT surface; 
- the properties of PILs such as solubility, glass-transition temperature and thermal 
stability can be easily tuned by selecting appropriate combination of cations and 
anions; 
           and lastly because 
- polymerized ionic liquid is a promising new area which needs to be further explored.  
 
Furthermore, in this study, we wanted to evaluate two common synthesis methods: solution-
mixing and in situ methods for non-covalently functionalizing CNTs with several 
imidazolium based polymerized ionic liquids including alkyl, hydroxyalkyl substituted or 
protic PILs.  
 
II.2 Results and discussion 
 
II.2.1 Characterization of CNTs 
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The Graphistrength® C100 MWCNTs with an average wall number ranging from 5 to 15 were 
synthesized over iron (Fe) catalyst on an aluminium substrate by catalytic chemical vapor 
deposition. The average outer diameter is between 1015 nm and the length range is 0.110 
m. 
 
 
 
 
(a) 
(b) 
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Figure II.13. (a) SEM image (scale bar  = 100 m) and (b,c) TEM images (scale bar = 500 
and 10 nm ) of pristine MWCNTs used in this study. 
 
The SEM image in Figure II.13 (a) shows the micro-sized CNT agglomerates and the TEM 
images show that the CNTs used in this study are not perfect cylinders; there is variation in 
thickness of the tube wall along the perimeter, and the outer diameter ranges at some points 
with bending (Figure II.13 (b)). Tubes with closed internal caps also exist. Furthermore, the 
presence of disordered carbon impurities on the surface of CNTs is observable. 
 
In air, disordered carbon species (e.g., amorphous carbons) oxidize below 400 °C, whereas 
CNTs burn at higher temperatures of 400–750 °C. As demonstrated in Figure II.14, the 
pristine MWCNTs used in this study exhibit relatively sharp weight loss profiles, the onset 
being at around 500 °C, which is typical for high quality CNTs. TGA results indicate 
insignificant amount of disordered carbon on pristine MWCNTs. After purification, the 
thermal stability increases slightly, probably due to the elimination of the carbonaceous 
impurities. The labile oxygen-containing groups introduced to the CNT surface by nitric acid 
(c) 
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treatment decompose below 500 °C, broadening the weight loss profile. The first weight loss 
below 100 °C is attributed to the absorbed water in the sample. The weight loss corresponding 
to the oxygen containing groups has been found to be 9% for the sample used in this study. If 
we assume that all these groups are carboxylic acid, the weight loss corresponds to about 1.2 
carboxylic acid groups for 45 C atoms of the nanotube. However, by an acid-base titration, 
the concentration of acidic sites has been found to be 0.254 mmol/gr CNT, which corresponds 
to 1.5 surface carboxylic acid groups for 6000 C atoms. It should be noted that the surface 
grafting density is much higher as the number of walls is between 5 and 15. This result shows 
that nitric acid treatment introduces acidic sites including carboxylic acids, lactones and 
phenols but also carbonyls, anhydrides, ethers and quinones as shown by the temperature 
programmed desorption experiments in another study [61]. 
Any remaining mass after complete oxidation in air can be attributed to metal contaminants, 
such as transition metal catalysts. As Figure II.14 shows, pristine CNTs contains about 10.24 
wt.% of residual ash at 800 °C. The acid treatment removes the metal impurities, and the 
amount of residual ash decreases. Thus, the ash content was found to be 4.36 wt.% upon 
purification by concentrated H2SO4 and 0.97 wt.% upon oxidation by concentrated HNO3 
under reflux for 3 hours.  
 
Figure II.14. TGA curves of pristine, purified and oxidized MWCNTs. 
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The ash content determined by thermal analysis is expected to be higher than the real metal 
impurity content as the weight of the impurities increases due to the oxidation of Fe and Al 
during the thermal treatment. As shown in Table II.1, the metal impurities can be more 
accurately measured by elemental analysis.  
Table II.1. The metal impurities determined by elemental analysis. 
Impurity Pristine CNTs Purified CNTs Acid-oxidized CNTs  
Fe  2.46% 1.59% 0.44% 
Al  2.57% < 500 ppm < 500 ppm 
 
From these results, it is observed that the Al content in the pristine CNT sample approaches to 
zero, whereas the Fe cannot be completely removed even after oxidation with nitric acid. This 
is due to the encapsulated iron catalyst in the CNTs as revealed by the TEM analysis of the 
nitric acid oxidized CNTs (Figure II.15). 
 
 
Figure II.15. Iron catalyst encapsulated in the nitric acid oxidized CNT. 
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The structure of the CNTs was characterized by Brunauer–Emmet–Teller (BET) analysis of 
nitrogen cryo-adsorption isotherms. The specific surface area, pore size and total pore specific 
volume of CNTs are listed in Table II.2. It can be seen that the purification process leads to a 
slight decrease in the specific surface area of the nanotubes. Subsequent treatment with 
concentrated nitric acid at 120 °C for 3 hours was found to increase the specific surface area 
of the purified nanotubes by around 35%. This shows that nitric acid treatment removes the 
amorphous carbon, carbon black and carbon nanoparticles introduced by CVD preparation 
process, and probes inner cavities of the CNTs, exposing their internal surface area, and 
thereby increasing the specific surface area. The adsorption isotherms were of Type IV which 
is typical of a mesoporous material (2–50 nm). The pore sizes of the pristine and purified 
CNTs have been found to be ≈ 45 nm. The inter-space between tubes in bundles is probably 
responsible for the pores measured. Nitric acid treatment causes significant alteration of the 
pore structure. After a 3 h boiling period, the pore size has decreased to 13 nm, which can be 
attributed to the availability of the internal diameters of the tubes opened by the oxidation 
process. 
Table II.2. Specific surface area, pore size and porosities of CNTs. 
Sample SBET (m
2 g-1) Pore size (nm) Vp (cm
3 g-1) 
Pristine CNTs 218 45 2.439 
Purified CNTs 201 43 2.152 
Oxidized CNTs 271 13 0.897 
SBET = BET surface area; Vp = pore specific volume 
 
II.2.2 Preparation of polymerized ionic liquids 
In this study, we prepared a series of polymerized ionic liquids based on 1-vinylimidazolium 
homopolymers substituted with hydrogen, ethyl, and hydroxyethyl substituents and counter-
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anions of bromide (Br–) and bis[(trifluoromethyl)sulfonyl]imide (NTf2
–) (Figure II.16). We 
used the conventional free radical polymerization method using AIBN as a thermal radical 
initiator. As illustrated in Figure II.17, there are two general synthetic routes to prepare PIL: 
(i) anion exchange of monomers and subsequent polymerization and (ii) polymerization and 
subsequent anion exchange reaction. We took the first route to prepare most of our polymers 
(poly1–3). We exclusively carried out an anion-exchange reaction over poly4 to obtain poly5. 
 
Figure II.16. Preparation of the PILs used in this study. 
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Figure II.17. Illustration of two general synthetic routes for PIL preparation. 
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All the vinyl functionalized IL monomers were successfully polymerized as verified by IR 
and NMR spectroscopies. The absence of the monomer in the resulting products was 
confirmed by IR analysis by checking the disappearance of the peak at around 1660 cm-1, 
which corresponds to the stretching vibration of C=C double bond (Figure II.18).  
 
 
 
Figure II.18. IR spectra of (a) monomer 1 and poly1, (b) monomer 2 and poly2, (c) monomer 
3 and poly3 and (d) monomer 4 and poly4. 
 
In the solution 1H NMR spectra of the polymerized products (poly1-3), a significant 
broadening of the signals was observed (Figure II.19). The disappearance of the vinyl signals 
in the 5–7.5 ppm region is observed with the appearance of new signals in the 2–5 ppm region 
attributed to the protons of the polymeric backbones.  
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Figure II.19. 1H NMR spectra of poly1 in D2O (red), poly2 acetone-d6 (blue) and poly3 
acetone-d6 (green). The solvent peaks are marked with asterisks. 
 
The polymerization of the hydroxyethyl substituted monomer 4 gave poly4, which is able to 
form a gel with certain polar aprotic solvents such as acetone and acetonitrile, probably due to 
the network of polymer chains joined by H bonds. The polymer swells up to 34 times its own 
weight at room temperature to form a free standing stable gel (Figure II.20 (a)). No gel 
formation, neither solubility is observed in other organic solvents such as, dichloromethane, 
chloroform, methyl acetate or ethanol. Furthermore, upon switching the NTf2
– counter-anion 
of poly4 to Br– by anion metathesis, the new polymer, poly5, forms a hydrogel with water. It 
has a high water intake capacity: in only 5 minutes, at room temperature, it absorbs water 70 
times its own weight. 
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Figure II.20. Photographs of free-standing (a) poly4-acetone organogel and (b) poly5 
hydrogel. 
The structures of poly4 and poly5 were characterized by solid-state NMR because of the 
impossibility to perform solution NMR due to gelation. Figure II.21 shows the 1H–13C cross-
polarization (CP) spectra of poly4 and poly5.  
 
Figure II.21. Solid-state NMR 1H-13C CP spectra of (bottom) poly4 and (top) poly5. 
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The broad peaks are due to the amorphous structure of the polymers. The vinyl carbon signals 
of the monomers at around 110 ppm were also absent on these spectra. In addition, the 19F 
spectrum (not shown) of poly4 showed a peak at 79.96 ppm due to the fluorine atoms of the 
NTf2
– counter-anion.  
Due to polymer aggregation and column interaction, molecular weight analysis was not 
possible for the PIL polymers, which is a common difficulty encountered with this type of 
ionic polymers [62]. In any case, this chapter will not deal with molecular weight as polymer 
adsorption is rather insensitive to molecular weight in good solvent conditions for the polymer 
[63]. 
Thermal properties of the resulted polymers have been studied by TGA (10 °C min-1 under 
air) and DSC (10 °C min-1 under N2 flow). Table II.3 lists the decomposition temperatures 
(Td) and mid-point glass transition temperatures (Tg) of the polymerized ILs determined from 
the TGA curves at 5 wt.% loss and from the DSC curves respectively. According to the DSC 
results, all the polymers are amorphous. The analysis results also show that the thermal 
properties of the PILs highly depend on the type of counter-anion. As a general rule, as the 
anion size increases regardless of the alkyl substituent length, Tg decreases and the onset of 
weight loss, Td, increases [62]. The results are mostly in agreement with this rule: NTf2
– anion 
increases the thermal stability of the polymers of more than 100 °C compared to Br- anions 
and the Tg of the corresponding polymers is much lower than that of those with small bromide 
anion, except for poly3. This specific PIL with hydrogen substituent has a remarkably high Tg 
despite its bulky NTf2
–
 counter-anion, most likely due to the strong hydrogen bonding capacity 
of this proton, which could decrease the chain mobility by cross-linking. It is also observed 
that the hydroxyethyl substituent results in an increase in Tg compared to the ethyl substituent: 
the Tg of the corresponding polymers increase in the order poly[VEIM]NTf2 < poly[VHEIM] 
NTf2 < poly[VEIM]Br < poly[VHEIM]Br. 
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Table II.3. Td (from TGA) and Tg (from DSC) for the polymerized products 
Sample Chemical name Td / °C Tg /°C 
Poly1 poly[VEIM]Br 309 94 
Poly2 poly[VEIM]NTf2 430 29 
Poly3 poly[VHIM]NTf2 416 131 
Poly4 poly[VHEIM]NTf2 421 57 
Poly5 poly[VHEIM]Br 308 157 
 
 
II.2.3 Non-covalent functionalization of CNTs by PIL 
As mentioned in Chapter I, CNTs can be non-covalently functionalized using two main 
methods (i) solution-mixing of the polymer with CNTs or (ii) in situ polymerization in the 
presence of CNTs. In this study, we used both methods to compare their efficiency for 
MWCNT functionalization. Pristine MWCNTs have been used as received. To break CNT 
bundles moderate sonication has been used. The mild sonication conditions (low power, short 
time) that we used for PIL functionalization is not expected to damage the tube walls. CNTs 
are somewhat resistant to mechanical damage from low power ultrasound since after short 
processing times no accumulation of damage is typically observable [64]. 
In both cases, the functionalized nanotubes were recovered by filtration and washed 
thoroughly with solvent to remove the non-interacting polymer. For both methods, MWCNTs 
(5 wt.% with respect to the monomer or polymer) were used as received. The composites 
resulting from solution-mixing are named CNT–polyxa, whereas those produced by in situ 
polymerization are named CNT–polyxb. 
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II.2.3.1 Functionalization by solution-mixing 
The experiments were carried out either in ethanol (for poly1 and poly3) or in a 1:1 mixture 
acetone/ethanol (for poly2), depending on the polymer solubility. Solution-mixing method 
could not be used to prepare functionalized CNTs with poly4 and poly5 as CNTs cannot be 
separated from the gel by washing. Instead, a composite can be prepared, which will be 
detailed at the end of this chapter. We noticed that 22 h of reaction and a vigorous stirring 
with moderate heating (65 °C) were necessary to obtain significant amounts of adsorbed 
polymer. The Raman spectra of the functionalized samples showed the typical features of the 
MWCNTs without any shift in the frequency of the signals (Figure II.22). 
  
 
Figure II.22. Raman spectra of pristine CNTs and PIL functionalized CNTs via solution-
mixing. 
 
The intensity ratio between the D-band at 1322 cm-1 and the G-band at 1576 cm-1 (ID/IG) 
indicates the degree of disorder and defects in MWCNTs. An increase in this ratio is usually 
attributed to the sp3-hybridized carbons or other defects created in the wall structure of the 
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nanotubes. This ratio decreased from 1.62 for pristine CNTs to between 1.46–1.55 for the 
functionalized samples. This type of decrease has already been reported for PIL 
functionalized CNTs [52] but it could not be rationalized. The results from Raman analysis 
indicate that the solution-mixing process does not lead to any obvious structural damage of 
the CNTs. 
 
To determine the amount of polymer present in the functionalized CNT samples, 
thermogravimetric analysis (TGA) was performed (Figure II.23). The pristine CNTs were 
stable up to 500 °C under air. According to the TGA analysis of the neat PILs, the thermal 
decomposition of the grafted polymer is mainly completed before 500 °C in the presence of 
air. For CNT samples functionalized by poly1 and poly2, the weight losses before 500 °C 
were 24 and 9%, respectively. The much lower amount of adsorbed poly2 compared to that of 
poly1 should result from the steric hindrance caused by the bulky NTf2
– anion. We will see 
below if in situ method helps to increase the quantity of the adsorbed polymer. The weight 
loss due to polymer is 70% for the CNTs functionalized by poly3 (CNT–poly3a). The sample 
was washed again excessively to further remove any remaining free polymer but the high 
amount of polymer was not due to insufficient washing. This result will be also discussed 
later. As observed from the TGA curves, PIL adsorption has resulted in a decrease in the 
thermostability of the CNTs.  The decomposition end-point temperature was decreased from 
670 °C for pristine CNTs to 640 °C for CNT–poly1a and CNT–poly2a and to 620 °C for 
CNT–poly3a. This phenomenon has also been reported in a study on IL grafted CNTs. The 
residual weight content attributed to metal impurities varies in the samples. The ash content at 
800 °C in the first sample is higher than expected (13.2 wt.%) while the second sample 
contains an appropriate amount (9.2 wt.%). Since the third sample is mainly composed of 
polymer, the relative amount of metal impurities coming from CNT is as low as expected (2.8 
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wt.%). Some variations in the amount of metal impurity content can be expected because of 
the heterogeneity of the starting CNT material. 
 
 
 
Figure II.23. TGA curves of (a) CNT–poly1a and neat poly1, (b) CNT–poly2a and neat 
poly2, (c) CNT–poly3a and neat poly3. 
 
From TGA analysis, it is also found that the PIL adsorbed onto the CNT surface decomposes 
earlier than its neat form. PIL decomposes in two major steps. As calculated from the first 
derivative weight loss (DTG) curves, the decomposition temperature of the first step shifted 
from 318 °C to 279 °C for poly1, from 438 °C to 374 °C for poly2 and from 439 °C to 412°C 
for poly3. This decrease in stability can be attributed to the changes in the PIL structure as a 
result of the interactions with CNTs [65].  
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As shown in Figure II.24, the TEM analysis of the CNT–PIL hybrids showed the presence of 
a non-continuous polymer coating (up to 2.5 nm thickness) on the nanotube surface whatever 
the polymer. On the low magnified TEM image of CNT–poly3a, which shows a high PIL 
loading by TGA, an agglomeration of polymer is observed (Figure II.24 (h)). These 
agglomerates also encapsulate or bridge several nanotubes. This result is most likely due to 
the protic nature of the PIL which has a high tendency to form strong intramolecular H-
bonding.  
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Figure II.24. TEM images of pristine CNT, CNT–poly1a, CNT–poly2a and CNT–poly3a at 
(a-d) high magnification (scale bar = 5 nm) and (e-h) low magnification (scale bar = 20 nm). 
 
II.2.3.2 Functionalization by in situ polymerization 
In situ polymerizations of IL monomers were carried out in an adequate solvent (ethanol for 
poly1, poly2 and poly3; acetone for poly4) in the presence of pristine CNTs (5 wt.% with 
respect to the polymer) at 65 °C or 85 °C. At the end of the reactions, it was observed that the 
viscosity of the medium increased as a result of polymerization. Poly5 was prepared by 
exchanging the counter-anion of poly4 with Br–. As in the case of the CNTs functionalized 
via solution-mixing method, the Raman spectra of CNT–polyxb do not differ significantly 
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from the spectrum of pristine CNTs (Figure II.25). A decrease in ID/IG compared to pristine 
was also observed. 
 
Figure II.25. Raman spectra of pristine CNTs and PIL functionalized CNTs via in situ 
method. 
The TGA analysis of the recovered samples (Figure II.26) showed that the CNTs 
functionalized with poly1 and poly2 contained more or less the same amount of polymer 
compared to the ones functionalized via solution-mixing. The weight losses found for CNT–
poly1b and CNT–poly2b below 500 °C are 22% (24% for CNT–poly1a) and 13% (9% for 
CNT–poly2a), respectively. The weight loss of CNT–poly4b is 32% whereas it decreases to 
14% for the anion-exchanged homologue, CNT–poly5b. This shows that the NTf2
– anions 
were completely exchanged with Br– anion. For CNT–poly3b we measured a significantly 
lower amount of polymer, 36 wt.%, compared to the amount obtained with the solution-
mixing method (70 wt.%).  
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Figure II.26. TGA curves of (a) CNT–poly1b and neat poly1, (b) CNT–poly2b and neat 
poly2, (c) CNT–poly3b and neat poly3 and (d) CNT–poly4b and neat poly4. 
Similarly to what was observed for the CNTs functionalized via solution-mixing, the 
polymers decomposed at a lower temperature when adsorbed on the CNT surface. We also 
calculated the first derivative of the weight loss attributed to the CNT fraction in the samples. 
We noticed an anion effect on the thermostability of the CNTs, similarly to a previous study 
on MWCNTs covalently modified with ILs (Chapter I, Figure I.12). However, in our case the 
Br anion increased the thermal stability of the CNTs, whereas in the other study, both Br and 
NTf2 anions were found to decrease the stability. For the poly[VEIM]
+ backbone, the CNT 
thermostability was in the order Br (593 °C) > pristine CNTs (582 °C) > NTf2 (569°C). For 
the poly[VHEIM]+ backbone, a similar order was found: Br (591 °C) > pristine CNTs (582 
°C) > NTf2 (550 °C). For the poly3b, the thermostability of the CNTs did not differ much 
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(587 °C) compared to the pristine CNTs, which could be due to a lower amount of PIL in 
interaction with the CNT surface.  
 
TEM analysis of CNT–poly3b at low magnification reveals the absence of the excessive 
polymer aggregation (Figure II.27 (d)). This result shows that the PIL synthesized by the in 
situ method can form a better coating on the surface of CNTs, which could be attributed to the 
fact that the IL monomers at the beginning of the reaction break the CNT bundles. For the 
other samples, the thin layer of PIL can also be observed on the surface of the CNTs in the 
high-magnification images. The thickness of the PIL layers varies between 1 and 5 nm. The 
samples contain well covered CNTs while there are also nanotubes coated with a 
discontinuous polymer layer. 
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Figure II.27. TEM images of CNT–poly1b, CNT–poly2b, CNT–poly3b, CNT–poly4b, 
CNT–poly5b (a-c and e-f) at high magnification (scale bar = 5 nm) and CNT–poly3b (d) at 
low magnification (scale bar = 20 nm). 
From TGA analysis, a slight increase (from 9 wt.% to 13 wt.%) in the amount of the adsorbed 
PIL was observed for CNT–poly2b sample compared to CNT–poly2a. The difference is small 
but expected as in free radical polymerization the chain formation step is very fast after the 
initiation of the monomers. Thus, the steric hindrance caused by the bulky anions of the 
polymer chain should be as much as in the case of the solution-mixing method. 
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Figure II.28. TGA curves of CNT–poly1b and its anion-exchanged homologue. 
 
We exchanged the Br- anion of the CNT–poly1b with NTf2
– anion to see if the CNTs could be 
functionalized with a higher amount of poly2. Normally the anion exchange reaction of PIL is 
completed quantitatively in a short time (< 30 min) [66]; even so, we stirred the CNTs in a 
solution of LiNTf2 for 24 h to ensure the complete anion exchange. Based on the weight loss 
at 500 °C in the TGA curve, the amount of poly2 on the CNT surface is determined to be 
approximately 34 wt.%. The completion would result in 42 wt.% PIL. This means that either 
the anion exchange was not complete or a part of the adsorbed polymer has been removed 
from the CNT surface. Nevertheless, this experiment shows that functionalization of CNTs 
with a small anion bearing PIL and subsequent anion-exchange is a useful strategy to obtain 
CNT–PILs based on bulky anions with a considerable amount of polymer loading (> 10 wt 
%). In the TGA curves in Figure II.28, the counter-anion influence on the CNT 
thermostability is very obvious. According to the differential weight loss curves, the CNTs 
degrade at 563 °C with NTf2
– anion, whereas their decomposition point increases to 593 °C 
with Br– anion.  
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It is worth noting that during the in situ radical polymerization method, polymer chains can be 
covalently grafted onto the CNT surface. Jia et al [67] suggested that  bonds of the CNT 
graphitic network can be opened by the radical initiator during the in situ radical 
polymerization of methyl methacrylate and in this way CNTs can take part in the 
polymerization process. We have also used this method to covalently graft vinyl polymers to 
the surface of pristine CNTs, which will be detailed in Chapter IV. On the other hand, up to 
now, covalent grafting of polymerized ionic liquids onto CNT surface by this method has 
never been reported. In this study, we have not observed any proof of covalent grafting either; 
therefore, we assume that PILs have been physically adsorbed onto the CNT surface. It is 
likely possible that the physical adsorption of PILs onto CNT surface is favored over the 
radical grafting during the in situ radical polymerization as in the case of some polymers. For 
example, Tang et al [68] observed that the CNTs were physically wrapped with 
poly(phenylacetylene) chains during the in situ radical polymerization of phenylacetylene. 
The authors suggested that the monomer has been adsorbed on the CNT surface due to the 
≡CH···  hydrogen-bonding and the polymerization of such adsorbed monomers produced 
polymer chains non-covalently wrapping up the nanotubes. Similarly, we can propose that the 
strongly adsorbed IL monomers by possible , cation or van der Waals interactions on 
the CNT surface can prevent the covalent grafting of the polymer chains. 
II.2.4 Solvent dispersions of CNTs 
Dispersions of pristine and functionalized CNTs in water and organic solvents (ethanol or 
acetone) were prepared with the aid of ultrasonication (Figure II.28 and 29). Pristine CNTs 
quickly precipitated in the solvents used as soon as the sonication stopped. On the other hand, 
depending on the nature of the anion, the CNT–PIL hybrids form dispersions that are stable in 
water (Br–) or organic solvents like ethanol, THF, acetone or N-methyl-2-pyrrolidone for 
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several weeks. While in situ method allowed us to prepare solvent-dispersible CNTs 
functionalized with all types of PIL studied, we could obtain dispersible CNTs functionalized 
with only poly1 and poly2 using solution-mixing method. Although CNT–poly3a contains 70 
wt.% of polymer, the sample does not disperse at all even after prolonged sonication. An 
explanation of this could be that the polymer agglomerates observed by TEM act as bridges 
between CNTs, thus hindering their dispersion.  
On the other hand, all of the PIL-functionalized CNTs obtained by in situ method were 
dispersible in appropriate solvents depending on the solubility of the adsorbed polymer 
(Figure II.29). CNT–poly3b could be dispersed in ethanol but starts to settle down soon after 
the sonication is stopped and settle down completely within one hour. The intramolecular H-
bonding interactions of poly3 should be much stronger than the poly3–CNT interactions, 
which leads to the agglomeration of the CNTs. The dispersions of other in situ functionalized 
CNTs stay black upon standing for several weeks although some sedimentation occurs.  
 
 
Figure II.28. Dispersions of pristine CNTs (1 g L–) in ethanol (a), water (b); and PIL 
functionalized CNTs via solution–mixing: CNT–poly1a in ethanol (c), water (d); and CNT–
poly2a in ethanol (e) after standing for a half hour. 
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Figure II.29. Dispersions of PIL functionalized CNTs (1 g L-) via in situ: CNT–poly1b in 
ethanol (a), water (b); CNT–poly2b in ethanol (c); CNT–poly3b in ethanol (d); CNT–poly4b 
in acetone (e); and CNT–poly5b in water. 
Particle size analysis by laser diffraction technique is a useful method to evaluate the quality 
of CNT dispersions [69]. However, it should be noted that this technique measures the 
volume weighted mean diameter (D [4,3]) of the equivalent sphere for particles between 
0.020 µm and 2000 µm. The diameter of the sphere of the equivalent volume corresponding 
to an individual nanotube used in this study is between 0.025 and 0.15 m. The improved 
stability of the dispersions that we obtained by functionalization with PIL allowed us to 
perform this analysis. Although nitric acid oxidation improves the dispersibility of the 
nanotubes by the introduction of oxygen containing groups to the CNT surface, the 
corresponding dispersions in water or in the investigated organic solvents (ethanol and 
acetone) are instable. The mean diameter results found between 0.10 m and 61 m were not 
reproducible. 
Table II.4. Particle size analysis of the CNT dispersions. 
Sample 
 
Method 
 
Vol weighted mean diameter (m) 
in water in ethanol in acetone 
CNT–poly1 a Sol. mix. 45 19 
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 b In situ 48 12 
CNT–poly2 
 
a Sol. mix.  25 Not stable 
b In situ  13 Not stable 
CNT–poly3 
 
a Sol. mix.  Not stable 
b In situ  15 
CNT–poly4 b In situ   17 
CNT–poly5 b In situ 23  
CNT–COOH  Acid reflux Not stable Not stable Not stable 
() The polymer is not soluble in the corresponding solvent. 
From the particle size analysis of the stable dispersions of PIL-functionalized CNTs (Table 
II.4), it is found that the mean size of the CNT agglomerates after functionalization by in situ 
method is generally smaller compared to that of those obtained using the solution-mixing 
method. It could be due to a more homogeneous coating of the polymer onto the nanotubes by 
the in situ method as evidenced by the TEM images. Among water dispersible CNTs, CNT–
poly5b disperse relatively better than CNT–poly1, most likely due to the hydroxyl groups 
present in the polymer chain of the former. However, it should be noted that although 
dispersions appear homogeneous to the naked eye, they consist of many different sized CNT 
bundles and the above table gives only the average values. Thus, we should look at the 
particle size distributions of the CNTs (Figure II.30). From these, it is clearly observed that 
the ethanol dispersion of CNTs functionalized with poly1 via in situ method contains 
significantly larger amount of small agglomerates and individual CNTs: the D[4,3] of the 23 
vol.% of total particles is between 0.036 and 2 m. This exfoliated fraction can be separated 
by centrifugation. 
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Figure II.30. Particle size distributions of CNT–poly1 prepared by solution-mixing (a) in 
water, (b) in ethanol; CNT–poly1 prepared by in situ method (c) in water, (d) in ethanol; 
CNT–poly2 prepared (e) by solution-mixing in ethanol, (f) by in situ method in ethanol; (g) 
CNT–poly3 prepared by in situ in ethanol; (h) CNT–poly4 prepared by in situ method in 
acetone and (i) CNT–poly5 prepared by in situ method in water. 
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II.2.5 Incorporation of CNTs into gels  
Preparation of gels from CNTs and imidazolium ILs has already been reported [70]. In such 
soft materials, also called bucky gels, CNTs act as physical cross-linkers. The CNT/PIL gels 
described in this study are different from the bucky gels. The polymer network formed by the 
intramolecular H-bonding (–O··· H–O) of poly3, leads to a gel formation with certain 
solvents. CNTs can be dispersed in the PIL gel due to the specific interactions. We used 
pristine and acid-oxidized MWCNTs to prepare composites with PIL organo- and hydrogels, 
respectively. To prepare CNT/PIL organogel composites, pristine CNTs (1, 3 or 5 wt.% with 
respect to the polymer) were shortly sonicated in acetone (34 times of the polymer weight) 
and poly4 was added into the dispersion formed. The dispersion was sonicated for 1 h to 
obtain a good homogeneity. Upon acetone evaporation at 60 °C, a solid polymer composite 
was obtained. 
For the preparation of the CNT/hydrogel composites, we used oxidized CNTs which are 
dispersible in water. Following a short sonication, poly5 was added into the dispersion. In a 
few seconds, the gelation took place. Extrudable CNT/-hydrogels at concentrations of 1, 3 and 
5 wt.% with respect to the polymer were thus prepared (Figure II.31). The morphology of the 
CNTs was analyzed by SEM. From the images, it is clearly observed that the CNTs in the 
polymer matrices appear larger in diameter than they are (Figure II.32).The average outer 
diameter of the CNTs was estimated to be increased from 12 to 20 nm and to 26 nm, after 
incorporation into the organo- and hydro-gel matrix, respectively. This increase in diameter is 
attributed to the adsorbed polymer on the surface of the CNTs. 
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Figure II.31. Photographs of (a) vials containing CNT/organogel at concentrations of 1, 3 and 
5 wt %, (b) vials containing CNT/hydrogel at concentrations of 1, 3 and 5 wt %; (c) Extrusion 
of the CNT/hydrogel (1 wt % of CNT). 
 
  
  
Figure II.32. SEM images (magnification: 50 000) of (a) pristine CNTs, (b) CNT/organogel 
(5 wt.%), (c) oxidized CNTs, (d) oxidized CNT/hydrogel (5 wt.%). (scale bar = 100 nm). 
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The Raman spectroscopy was used to further probe the structure of the CNT–polymer 
composites. While the Raman signals of the PILs (poly4 and poly5) are masked by 
overwhelming luminescence interference (spectra are not shown here), CNT signals can be 
observed without any interference coming from the polymer matrix in the CNT–PIL 
composites (Figure II.33). Both the G and D bands of the CNTs in the composites 
(particularly in CNT/poly5 composite) are significantly broader and weaker in intensity 
compared to the neat or oxidized CNTs. Furthermore, the D to G intensity ratio (ID/IG) is 
much more reduced in the composites compared to the functionalized ones (CNT–poly4b and 
CNT–poly5b). If a high content of polymer has affected the Raman signals, it is not because 
the CNT content is too low to be detected but because the tubes are wrapped by the polymer 
chains that may result in energy transfer between tubes and polymers [71]. Therefore, because 
of the higher coverage of the CNTs by the PIL matrix in the composites compared to the 
discontinuous polymer wrapping around the CNT surface in the functionalized ones, the 
CNT–polymer interactions are enhanced. As a result, the Raman signals of the CNTs in the 
composite are further affected. 
 
Figure II.33. Raman spectra of pristine CNTs, oxidized CNTs and CNT/PIL composites. 
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II.3. Conclusions 
 
Non-covalent functionalization of MWCNTs with several polymerized ionic liquids based on 
two methods, namely, in situ and solution-mixing, has been studied. It was shown that the 
type of PIL, as well as the method, influences the functionalization of CNTs. 
The following conclusions can be drawn from this study:  
 
- Among all polymers studied, poly[VEIM]Br (poly1) has given the best results 
concerning the amount of the adsorbed polymer on the surface of the CNTs and the 
exfoliated CNTs in organic solvent. 
- The effect of the counter-anion on the adsorption of PIL on the CNT surface has been 
shown with various experiments carried out on the poly[VEIM]+ chain. The results 
suggest that due to the larger steric effect of the bulky NTf2
–
 anion, the wrapping of 
the corresponding polymer chain around the CNTs and/or its penetration into the 
spaces between the CNT bundles are highly hindered. This suggests that the counter-
anion of the polymer is associated with the polycation chain in organic solvents. 
- Therefore, functionalizing CNTs firstly with small counter-anion (e.g. Br–) bearing 
PILs and subsequently carrying-out an anion-exchange reaction will allow to 
maximize the amount of polymer adsorbed onto the CNT surface.  
- Generally, compared to the solution-mixing method, the in situ method promotes 
coating on the CNT surface in such a way that excessive polymer aggregation, 
particularly for polymers which have high inter-chain interactions, is reduced and the 
adsorption of the polymers with bulky anions are slightly facilitated 
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- Protic ionic liquid polymers are not suitable for non-covalent functionalization of 
CNTs, due to the formation of possible intramolecular hydrogen bonding, which 
results in poorly dispersible CNTs. 
- A new PIL, poly(1-hydroxyethyl-3-vinylimidazolium), which forms organic- or 
hydro-gels in appropriate solvents, has been synthesized. CNTs can be incorporated 
into these gels to prepare new PIL/CNT materials. 
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Chapter III: Polymerized ionic liquid functionalized carbon 
nanotube/polyetherimide composites 
 
III.1 Introduction 
 
The thin PIL layer adsorbed on the surface of CNTs can provide stable binding sites for 
polymer matrices to attach. The number of studies reported on polymer composites filled with 
PIL-functionalized CNTs is very limited [1, 2]. They have been shortly described in the 
section I.2.2.4 in Chapter I. It would be appropriate to say that the potential of PIL 
functionalized CNTs has not yet been fully explored in polymer composites.   
Polyetherimide (PEI) is a high-performance thermoplastic, which has extensive uses in many 
fields such as medical, electronic, microwave, automotive and aerospace [3]. By adding CNTs 
into the PEI matrix, it is expected to obtain unique properties in the newly formed composite. 
From an industrial point of view, melt-processing is the most suitable method for high-
volume production of polymer composites. However, the extremely high viscosity and high 
processing temperature of this polymer makes the nanocomposite preparation by melt-
processing challenging. Ultrasound assisted twin screw extrusion has been studied to help the 
dispersion of CNTs [4]; yet, the improvement obtained by ultrasonication is not significant 
compared to the unsonicated samples prepared at the same loading. Solution-based processing 
methods offer advantages of lower viscosities, which facilitate dispersion, provided that 
highly stable dispersions of CNTs are used. Combining solution casting and melt-mixing in 
two steps can also enhance the dispersion of CNTs in the matrix. The number of studies 
carried-out on the preparation of PEI composites filled with CNTs is limited [3–8]. Table III.1 
summarizes the relevant studies that have been reported up to now.  
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Table III.1 Mechanical and thermal properties of CNT–based polyetherimide composites. 
CNT type Additive CNT 
loading 
(wt %) 
Processing method Composite 
tensile strength  
(% increase) 
Composite 
Young 
modulus  
(% increase) 
Composite 
storage 
modulus  
(% increase) 
Tg 
 (°C increase) 
Thermal 
degradation 
(°C 
increase) 
Ref. 
Oxidized 
MWCNTs   
 0.5 Solution mixing in 
DCM-melt mixing 
  10 2 24 [3] 
Oxidized 
MWCNTs   
 0.5 Solution mixing in 
DMF-melt mixing 
  13 6 33 [3] 
Oxidized 
MWCNTs 
 7 Solution mixing   54 10 106 [5] 
Pristine 
MWCNTs 
 1 Ball milling-ultrasound 
assisted twin screw 
extrusion 
2 7    [4] 
Pristine 
MWCNTs 
 10 Ball milling-ultrasound 
assisted twin screw 
extrusion 
13 62    [4] 
Pristine 
MWCNTs 
Triton X100 1 Solution mixing 13    9 [6] 
Pristine 
MWCNTs 
CTAB 1 Solution mixing 7    9 [6] 
Pristine 
MWCNTs 
SDS 1 Solution mixing 10    7 [6] 
Oxidized 
MWCNTs 
 1 Solution mixing-
Thermal curing 
(imidization) 
2 39 146 9  [8] 
Oxidized 
MWCNTs (6 h) 
 1 Solution mixing 6   4  [7] 
Oxidized 
MWCNTs (3 h) 
 1 Solution mixing 12     [7] 
DCM: Dichloromethane, DMF: Dimethylformamide, Triton X100: polyoxyethylene octyl phenyl ether, CTAB: cetyl trimethyl ammonium chloride, SDS: sodium dodecyl 
chloride
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Different surface modification approaches, including acid-oxidation and use of ionic or 
nonionic surfactants, have been applied to CNTs in order to obtain stable dispersions in 
suitable solvents for PEI processing. It has been also found that the type of solvent used in the 
solution casting step has influence on the final properties of the composite due to the 
dispersion state of the CNTs [3]. From the data given in Table 1, the most remarkable 
mechanical improvement has been observed in the storage modulus of the polyetherimide 
composite in situ cured in the presence of oxidized MWCNTs. However, the tensile strength 
did not change and the polymer film became very brittle at 1 wt.% CNT loading compared to 
neat PEI. It is seen from these studies that thermal stabilities of the PEI composites improved 
generally significantly, whereas improvements in mechanical properties are not usually 
remarkable and require high CNT loading. In some cases [6, 7], negative effects of CNT 
addition on mechanical properties have been observed.  
This chapter deals with the preparation of PEI composites loaded with PIL-functionalized 
CNTs; to be more precise, MWCNTs non-covalently functionalized with poly(1-vinyl-3-ethyl 
imidazolium) dodecylbenzene sulfonate (poly[VEIM]DBS). PEI composite films with 
pristine and oxidized MWCNTs have also been studied for comparison. The effect of the 
introduction of the above mentioned types of CNTs on the morphological, mechanical, 
thermal and electrical properties of PEI matrix will be presented.  
 
III.2 Results and discussion 
 
III.2.1. Functionalization of MWCNTs with PIL 
We anticipated that coating a thin film of PIL on the nanotube surface could result in a better 
adhesion between CNT and PEI matrix. PEI, which is a highly solvent resistant polymer, is 
soluble in halogenated solvents such as chloroform, DCM, and in N-Methyl-2-pyrrolidone 
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(NMP). DCM was chosen as the processing solvent due to its low boiling point and relatively 
lower toxicity compared to NMP. This requires that the PIL used to modify the CNT surface 
is also soluble in DCM. As we already mentioned, the nature of the counter-anion greatly 
influences the final properties of PILs, such as solubility, viscosity and thermal stability. 
Table III.2 lists the solubility of poly[VEIM]+X- with various counter-anions in DCM 
determined by a literature research [9]. Dodecylbenzene sulfonate (DBS-, C12H25C6H4S 3
- ), 
was chosen as the counter-anion of the PIL because of its much higher thermal stability 
compared to bis(2-ethylhexyl)phosphate (C16H34P 4
-
 . Furthermore, due to the aromatic ring 
in the structure of the DBS- anion, the corresponding PIL may have enhanced interactions 
with the PEI matrix as illustrated in Figure III.1. 
Table III.2 Solubility of poly[VEIM]+X- in DCM. 
Counter anion (X-) Solubility 
Br-/Cl- 
PF6
- 
CF3S 3
  
(CF3S 2 2N
  
(CF3CF2S 2)2N
  
C12H25C6H4S 3
  
CH3C6H4S 3
  
C16H34P 4
  
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Figure III.1. Illustration of poly[VEIM]DBS linking CNT and PEI by possible non-covalent 
interactions. 
We showed in Chapter II that carrying out the anion-exchange reaction into the CNTs 
functionalized with polycations containing halide anions is the best way to obtain PIL 
functionalized CNTs bearing bulky anions. Furthermore, in situ polymerization should ensure 
a better coating of PIL on the CNT surface. Therefore, we followed this procedure and first 
prepared CNT–poly[VEIM]Br using the in situ method. Neat poly[VEIM]DBS was 
synthesized carrying-out the anion-exchange reaction directly into the neat poly[VEIM]Br 
precursor, which was polymerized in the presence of CNTs for 24 hours. The glass transition 
temperatures (Tg) of poly[VEIM]Br and poly[VEIM]DBS were found to be 229 °C and 114 
°C, respectively, as determined by DSC (20 °C min-1). This result is in agreement with the 
general rule, larger anions gives lower Tg values compared to small anions due to weaker 
ionic interactions. In the 1H NMR spectrum corresponding to the poly[VEIM]DBS, in 
addition to the polycation protons, further signals of the organic anion are observed (Figure 
III.2). Aromatic protons of the anion show two signals at 7.7 and 7.1 ppm, while the signals at 
0.7 and 1.5 ppm are assigned to the aliphatic protons. 
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Figure III.2. 300-MHz 1H NMR spectra of (a) poly[VEIM]DBS in CDCl3. 
In the next step, the similar anion-exhange process was applied to the CNT–poly[VEIM]Br 
(Figure III.3).  
 
Figure III.3. Counter-anion exchange reaction of CNT–poly[VEIM]Br. 
To verify the anion-exchange reaction, TGA measurements were performed for the initial and 
final CNT–PIL hybrids. CNT–poly[VEIM]Br contains 11.5 wt.% of PIL while after anion-
exchange, the amount becomes 19 wt.% due to the higher molecular weight of the 
DBSanion (Figure III.4). This amount slightly less than the theoretical one (24 wt.%) in the 
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case of complete anion-exchange. All samples decomposed in two major steps under inert 
atmosphere. Table III.3 shows the decomposition temperatures of the neat PILs and 
functionalized CNTs. In agreement with the study presented in Chapter II, the adsorbed PILs 
start to degrade at a lower temperature compared to the neat PILs. 
 
Figure III.4. TGA curves of (a) CNT–poly[VEIM]Br, (b) CNT–poly[VEIM]DBS, (c) 
poly[VEIM]DBS and (d) poly[VEIM]Br under nitrogen flow. 
 
Table III.3. Decomposition temperatures of PILs and PIL functionalized CNTs. 
Sample                Td (°C) 
Poly[VEIM]Br 289 431 
CNT–poly[VEIM]Br 262 431 
Poly[VEIM]DBS 337 451 
CNT–poly[VEIM]DBS 325 434 
 
The successful anion-exchange can also be confirmed by IR spectroscopy. The IR spectra of 
both PIL functionalized CNTs show the bands attributed to the poly[VEIM]+ cation in the 
region 2800–3200 cm–1 and at 1550 cm–1. In the spectrum of CNT–poly[VEIM]DBS, the 
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characteristic bands of the C12H25C6H4SO3
- anion [10], S=O asymmetrical stretching band at 
1193 cm–1,
 CH aromatic bending bands at 830 cm–1, 1010 cm–1 and 1026 cm–1 are clearly 
observed (Figure III.5).  
 
Figure III.5. FTIR spectra of (a) poly[VEIM]DBS (b) CNT– poly[VEIM]DBS. 
 
The thin PIL layer non-covalently attached to the surface of the CNTs can be observed by 
TEM analysis (Figure III.6). The TEM image in Figure III.6 shows the presence of a 
continuous thin polymer layer up to 1.7 nm around the CNT. 
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Figure III.6. TEM micrograph of CNT–poly([VEIM]DBS). 
After sonication in DCM for half-an-hour, a black suspension was observed for the three 
types of CNTs (pristine, oxidized and PIL functionalized) (Figure III.7). However, we 
observed with the naked eye that the dispersions of pristine and oxidized CNTs contained 
large agglomerates while the suspension of PIL functionalized CNTs dispersed better. After 
standing for one week, the dispersion state of the CNTs were in the order CNT–PIL > pristine 
CNTs > oxidized CNTs. The laser granulometry measurements confirmed that the dispersions 
of both pristine and oxidized CNTs in DCM were unstable. The volume weighted mean 
diameter (D [4,3]) values of three measurements ranged from 27.9 to 53.2  m and from 13.3  
to 34.8 m for pristine CNTs and oxidized CNTs, respectively. On the contrary, CNT–PIL 
gave very stable dispersions in DCM with an average particle diameter of 13.0 m (± 0.2), 
and as seen from the particle size distribution graphs in Figure III.8, the number of small 
particles below 0.5 m was higher in this sample. 
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Figure III.7. Dispersions of CNTs (1 g L-) (from left to right: pristine CNTs, oxidized CNTs 
and CNT–PIL) in DCM: (a) just after sonication and (b) upon standing for one week. 
 
 
Figure III.8. Particle size distribution graphs of CNT dispersions in DCM (superposition of 3 
measurements), (a) pristine CNTs, (b) oxidized CNTs and (c) CNT–PIL. 
 
III.2.2. Incorporation of CNTs into the polymer matrix 
We prepared a series of PEI/CNT films by using the procedure summarized in Figure III.9. 
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Figure III.9. Procedure for processing PEI/CNT composite films. 
 
Briefly, the given amount of PEI dissolved in DCM and the CNTs were separately dispersed 
in DCM under horn-type ultrasonication at a low amplitude (20%) for 30 min. Then, both the 
PEI solution and the CNT dispersion were mixed by horn-type ultrasonication for another 30 
min. Thin films were obtained by casting the mixture into molds and evaporating the solvent 
slowly at room temperature. All the composite films were further dried in a vacuum oven. 
The drying process is particularly important, as any residual solvent remained trapped within 
the polymer film decreases the glass transition temperature of PEI and furthermore, causes the 
film to lose its transparency and to deform seriously at temperatures higher than 150 °C. It 
was found that the residual solvent can be completely removed by drying the films first at 100 
°C for two days, and then at 150 °C for one day under vacuum. The obtained composites were 
compression molded under a pressure of 240 bars at 250 °C for 4 min. The CNT content in 
the final composites varied from 0.1 wt.% to 3 wt.%. For comparison, a neat PEI film and 
composite films with pristine and oxidized MWCNTs without PIL functionalization were 
prepared following the same procedure described above.  
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The ATR–FTIR spectra of the composites prepared with the three types of CNTs at 0.1 wt.% 
loading are the same as the spectrum of the neat PEI (Figure III.10). We observed the 
characteristic carbonyl bands of imide at 1777 cm–1 and 1716 cm–1 and the C-N stretching 
band at 1350 cm–1. This shows that addition of CNTs at 0.1 wt.% loading does not have any 
influence on the IR absorption of the polymeric matrix. 
 
 
Figure III.10. ATR-FTIR spectra of (a) neat PEI, (b) PEI/pristine CNTs (0.1 wt.%), (c) 
PEI/CNT–COOH (0.1 wt.%), (d) PEI/CNT–PIL (0.1 wt.%). 
The dispersion state and the morphology of the resulting PEI/CNT composite films were 
characterized by TEM. The TEM micrographs in Figure III.11 show the CNT distribution in 
the polymer matrix at 1 wt.% CNT loading. While all the samples contain agglomerated 
CNTs, more individual CNTs are present in the samples containing modified CNTs.  
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Figure III.11. TEM micrographs of PEI/CNT composite films at 1 wt.% loading of (a) 
pristine CNTs, (b) oxidized CNTs and (c) CNT–PIL. 
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Moreover, TEM analysis reveals an interesting feature on the morphology of the PEI/CNT–
PIL composite. In Figure III.11 (c), it is observed that the CNTs are aligned. The direction of 
the cutting traces of the diamond knife is indicated with an arrow. Clearly, the diamond knife 
did not align the CNTs during the TEM specimen preparation.  The alignment of CNTs in 
polymer matrix is usually induced by an applied field such as force-, electric- or magnetic-
field, but self-organizing alignment of CNTs in a thermoplastic polymer arising from solvent-
polymer interactions has also been reported [11]. 
III.2.3. Mechanical, thermal and electrical properties of the composites 
As for most materials, a simple tensile stress–strain curve provides a good start towards 
understanding the mechanical behaviour of a particular polymer. This curve is usually 
established by continuously measuring the force developed as the sample is elongated at a 
constant rate of extension until it breaks. The data obtained from the tensile tests describes 
many mechanical features of the polymer. The stress–strain behaviour of a thermoplastic 
polymer is characterized by a linear elastic region, a yielding followed by a drop in stress, a 
formation of a neck, an increase in stress due to straightening of polymer chain, and finally 
fracture. Figure III.12 below shows a typical stress–strain curve for a thermoplastic polymer, 
and Table III.4 describes the features of a stress–strain curve.  
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Figure III.12. Typical stress–strain curve of a thermoplastic polymer. 
 
Table III.4. Definition of terms on a stress–strain curve. 
Term Definition 
Yield Point (strength) Yield point is a measure of the strength of the material and of 
its resistance to permanent deformation. It is the first point at 
which the specimen yields.  This is when the specimen's 
cross-sectional area begins to decrease. This is called 
necking.  
Modulus of Elasticity  
(Young’s modulus) 
The ratio of stress to strain within the elastic region of the 
stress-strain curve. It is a measure of stiffness. 
Yield Elongation The strain at the yield point 
Elastic Region The portion of the curve before the yield point 
Plastic Region The portion of the curve after the yield point 
Ultimate (tensile) strength Ultimate tensile strength is the maximum stress a material 
can withstand before failing. 
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Ultimate elongation The total elongation just before fracture 
 
Tensile tests were carried out on neat PEI and CNT loaded PEI composite films using dog-
bone specimens (Figure III.13 (a) and (b)). The results in terms of Young’s modulus, yield 
stress and strain of the films, corresponding to an average of at least five samples tested for 
each type of film, are reported in Table III.5. Each result is averaged from at least five 
experimental results. Figure III.13 (c) shows typical tensile stress–strain curves obtained for 
the films. By introduction of CNTs, no major reinforcement was obtained in the tensile 
properties of the composites. When loaded in excess of 1 wt.% CNT, the films became very 
brittle. The high brittleness of the composites at a loading of 3 wt.% of oxidized CNTs or 
CNT–PIL did not allow any sampling. 
 
 
Figure III.13. (a) The dimensions of the dog-bone specimen used (in mm), (b) A typical dog-
bone PEI/CNT composite prepared (at 1 wt.% loading), (c) Typical tensile stress–strain 
curves of neat PEI and PEI/CNT composites at 0.3 wt.% of CNT. 
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Table III.5. Tensile properties of neat PEI and PEI/CNT composites. 
Material CNT 
loading 
(wt.%) 
Young’s 
modulus 
(GPa) 
Yield 
stress 
(MPa) 
Yield 
strain 
(%) 
Stress  
at break 
(MPa) 
Strain  
at break 
 (%) 
Neat PEI 0  2.69 ± 0.05 95.0 ± 2.7 6.2 ± 0.5 79.5 ± 2.8 10.0 ± 3.9 
 
PEI/pristine 
CNTs 
0.1  2.69 ± 0.12 94.6 ± 3.1 6.1 ± 0.4 79.5 ± 3.8 13.6 ± 5.0 
0.3  2.69 ± 0.02 93.2 ± 1.2 6.1 ± 0.3 79.1 ± 3.0 12.9 ± 6.3 
0.6  2.62 ± 0.12 93.9 ± 1.7 6.4 ± 0.3 79.5 ± 5.9 13.7 ± 7.4 
1  2.71 ± 0.05 92.1 ± 1.4 6.1 ± 0.2 77.9 ± 3.5   9.7 ± 2.2 
3  2.76 ± 0.05 92.5 ± 6.2 5.5 ± 0.9 84.2 ± 5.4   6.2 ± 1.7 
 
PEI/oxidized 
CNTs 
0.1  2.63 ± 0.04 93.4 ± 2.4 6.1 ± 0.5 86.8 ± 6.0   8.4 ± 4.6 
0.3  2.67 ± 0.08 92.3 ± 1.2 5.9 ± 0.3 79.1 ± 2.4 10.3 ± 5.0 
0.6  2.64 ± 0.05 93.2 ± 1.7 6.3 ± 0.1 77.1 ± 1.0 15.7 ± 6.7 
1  2.64 ± 0.08 92.3 ± 2.5 6.0 ± 0.4 79.7 ± 7.3   7.8 ± 1.9 
PEI/CNT–PIL 0.1  2.65 ± 0.06 92.5 ± 1.9 6.1 ± 0.1 78.7 ± 2.5 14.4 ± 6.3 
0.2  2.63 ± 0.07 94.9 ± 2.6 6.3 ± 0.1 83.8 ± 6.0 13.6 ± 9.2 
0.3  2.75 ± 0.08 96.1 ± 3.3 6.2 ± 0.1 83.5 ± 9.5   7.8 ± 1.6 
0.4  2.72 ± 0.06 95.1 ± 1.8 6.0 ± 0.4 84.5 ± 7.4   7.8 ± 2.7 
0.6  2.62 ± 0.09 94.7 ± 3.2 6.2 ± 0.4 82.9 ± 6.1 11.6 ± 5.0 
1  2.56 ± 0.04 90.0 ± 2.9 5.5 ± 0.7 84.8 ± 7.0   6.1 ± 1.4 
 
SEM was used to observe the morphology of the failure surfaces of the composites after 
tensile testing. Micrographs obtained from the fractured surfaces of all three composite films 
show agglomerates of CNTs being pulled half way out from the matrix (Figure III.14). These 
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agglomerates act as stress concentration sites and prevent a homogeneous stress distribution 
in the matrix. 
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Figure III.14. SEM micrographs of the failure surfaces of PEI and PEI/CNTs composites at 1 
wt % loading of: (a) pristine CNT, (b) oxidized CNT (CNT–COOH) and (c) CNT–PIL. 
 
Dynamic mechanical analysis (DMA) is a thermal analysis technique that measures the 
properties of materials as they are deformed under periodic stress. The dynamic properties 
provide information at the molecular level to understanding the polymer mechanical behavior. 
The storage modulus describes the ability of the material to store potential energy and release 
it upon deformation. It is often associated with the stiffness of a material and is related to the 
Young’s modulus. The loss modulus is indicative of the energy loss due to the friction of 
polymer chain movement. The ratio of loss modulus to storage modulus is called tan δ (tan 
delta), whose peak is an indication of a glass transition. Figure III.14 displays the dynamic 
mechanical spectra (storage modulus and tan ) as a function of temperature for PEI and 
PEI/CNT composites. The storage modulus (E') of the composites containing CNT–PIL is 
higher than that of neat PEI in the temperature range of 30–190 °C. There is no significant 
difference in storage modulus between different loadings (0.3 and 3 wt.%). At a loading of 3 
wt.%, an improvement of around 25% in storage modulus was obtained. However, a similar 
increase was also obtained in the case of pristine CNTs. Tan δ (damping) is also a measure of 
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how well the material can disperse energy. The damping peaks of all the PEI/CNT composites 
showed a decrease in maximum peak height, from 2.02 for pure PEI to 1.29 for PEI/CNT–PIL 
composite at 0.3 wt.% loading. The height of the damping peaks reveals the efficiency of the 
stress transfer to the CNTs, which depends on the CNT/matrix adhesion. CNTs carry a greater 
proportion of the stress and allow only a small part of it to strain the interface. Therefore, a 
stronger interface is characterized with lower energy dissipation [3, 12]. According to this, 
dispersion and interfacial stress transfer is the highest for PEI/CNT–PIL composite at 0.3 
wt.% loading.  
DMA is known to be a sensitive tool for the determination of glass transition temperature 
(Tg). The temperature corresponding to the maxima of a tan  peak is associated with Tg. As 
observed from the tan  versus temperature graphs in Figure III.15 (b), the Tg of the neat PEI 
appeared at approximately 209 °C, while the Tg of the PEI/CNT composites shifted to a lower 
temperature by around 5 °C. This decrease is likely due to the increased mobility of the 
polymer chains because of the free space around CNT agglomerates in the polymer matrix. 
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Figure III.15. DMA curves of (a) storage modulus and (b) tan  versus temperature for PEI 
and PEI/CNT composites. 
 
To investigate the thermal behavior of the neat PEI films and the PEI/CNTs films, TGA and 
DSC analysis were carried out. Degradation temperatures (Td) were measured at 5% weight 
loss. All the PEI/CNT composites show an overall higher thermal stability compared to the 
neat PEI (Table III.5). Incorporation of CNTs increased the degradation temperature of the 
composites by up to 11 °C. 
Table III.7 shows the room temperature volume resistivity of the neat PEI and PEI/CNT 
composites. The introduction of 3 wt.% of pristine CNTs dramatically decreased the volume 
resistivity of the composite film by nine orders of magnitude, indicating that the percolation 
threshold lies between 1 and 3 wt.% CNT loading for the composites containing pristine 
CNTs. However, no improvement in conductivity was observed for the composites loaded 
with oxidized and PIL functionalized CNTs at concentrations up to 3 wt.%. 
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Table III.6. Thermal properties of PEI and PEI/CNT composites. 
 
 
 
Sample CNT loading  
(wt.%) 
Tg   (by DSC) 
(°C) 
Td  (by TGA) 
(°C) 
Neat PEI 0  213 494 
 
 
PEI/pristine CNTs 
 
0.1  214 505 
0.3  210 503 
0.6  212 504 
1  206 505 
3  211 505 
 
 
PEI/oxidized CNTs 
0.1  212 504 
0.3  206 504 
0.6  213 502 
1  213 502 
3  207 502 
 
 
 
PEI/ CNT–PIL 
0.1 210 500 
0.2  214 504 
0.3  209 503 
0.4  211 505 
0.6  215 502 
1  213 499 
3  211 502 
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Table III.7. Room temperature volume resistivity of PEI and PEI/CNT composites. 
Sample  CNT ratio  
(wt %) 
Volume resistivity  
(cm) 
Neat PEI 0 3.1 x 1012 
PEI/pristine CNTs 1 1.0 x 1012 
PEI/oxidized CNTs 1 3.5 x 1012 
PEI/CNT–PIL 1 0.8 x 1012 
PEI/pristine CNTs 3 1.3 x 103 
PEI/oxidized CNTs 3 1.8 x 1012 
PEI/CNT–PIL 3 1.1 x 1012 
 
The electrical conductivity of the oxidized CNTs is expected to be reduced due to the partial 
loss of the conjugated conduction path and the possible shortening of the tubes by acid 
treatment. In this study, as the PIL functionalized CNTs have been prepared by a mild non-
destructive method, the π–conjugated system and the aspect ratio of the CNTs have been 
preserved. Therefore, the low conductivity could be attributed to the insulating PIL layer 
around the CNTs, which could increase the nanotube/nanotube contact resistance and inhibit 
the efficient charge transfer between CNTs as already reported for several polymer wrapped 
CNTs [13]. Yet, electrically conductive films of an imidazolium-based PIL has been obtained 
by the incorporation of SWCNTs [14], and the conductivity of a polymer composite, 
poly(3,4-ethylenedioxythiophene), has been highly improved with the use of imidazolium-
based PIL functionalized SWCNTs [1]. Another possible explanation could be based on the 
alignment of CNTs. Indeed, it has been shown that the lowest percolation threshold and the 
maximum conductivity occur when CNTs are randomly oriented and reaggregated in the 
matrix [15, 16]. When the number of contacts between CNTs is reduced, the conductive path 
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is formed at a relatively higher CNT concentration. In our study, the interconnecting 
conducting channels are formed with pristine CNTs at a loading below 3 wt.%, whereas the 
alignment and improved dispersion of PIL functionalized CNTs in the composite can lead to a 
percolation threshold at a CNT loading greater than 3 wt.%. 
 
III.3 Conclusion  
 
Polyetherimide composite thin films have been prepared by a solution-based processing 
method using three types of MWCNT samples: pristine CNTs, HNO3 oxidized pristine CNTs 
and lastly, pristine CNTs non-covalently functionalized with polymerized ionic liquid thin 
films of approximately 2 nm. This last sample shows a better dispersion in dichloromethane. 
Additionally, in the PEI composite thin films containing CNT-PIL, a preferential orientation 
of CNT bundles and individual CNTs has been observed.  
The incorporation of CNTs does not have much influence on the tensile properties of the 
composites while it led to a moderate increase of up to 25% (CNT-PIL, 3 wt.%) in storage 
modulus. The lowered height of the damping (tan peaks shows that there is indeed stress 
transfer to CNTs and it is most efficient at 0.3 wt.% CNT-PIL loading. The electrical 
resistivity of the composite decreased by nine orders of magnitude at 3 wt.% loading of 
pristine CNTs, whereas for the same loading of modified CNTs no improvement was noticed. 
These results can be rationalized as follows. In the case of oxidized CNT, damages of CNT 
structure can explain the low electrical conductivity. For CNT-PIL, both the presence of an 
electrically insulating thin film on the CNT surface and the fact that CNT-PIL are partially 
aligned in the composite could explain the low electrical conductivity. According to DMA 
analysis, addition of CNTs reduces Tg by about 5 °C. Furthermore, the thermal stability of the 
polymer composite increased by ca 10 °C whatever the type of CNT used.  
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Although a very effective dispersion of PIL functionalized CNTs in the PEI matrix was not 
achieved in this study, we still believe that this functionalization method could be an easy and 
effective way to improve the dispersion of CNTs in polymer matrices. PEI, being a high 
performance thermoplastic, exhibits a high modulus and tensile strength. Therefore, 
increasing its mechanical properties by CNT incorporation should require a very effective 
dispersion of the particles in the matrix and very intimate mixing with the polymer. In this 
regard, the processing method is particularly important. It is evident from our study that a 
simple sonication of PEI solution in the presence of CNTs is not sufficient for the effective 
dispersion of the CNTs. A further increase of the mechanical properties of CNT/PEI 
composite can be expected by the improvement of the processing method, such as a combined 
process of solution mixing and melt blending. 
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Chapter IV: Polymer grafted carbon nanotubes using covalent functionalization 
strategy 
 
Covalent grafting of polymers onto CNTs can be accomplished using two main approaches: 
“grafting to” and “grafting from”. This chapter has been similarly divided into two main 
parts: the covalent “grafting from” approach and the covalent “grafting to” approach. 
 
IV.1 The covalent “grafting from” approach 
 
IV.1.1 Introduction 
Generally, the “grafting from” approach involves the in-situ polymerization of monomers 
from surface-derived initiators on CNTs (Figure IV.1). 
 
 
Figure IV.1.  Schematic representation of the “grafting from” approach to CNT 
functionalization with polymers [1]. 
 
These initiators are covalently attached using the various functionalization reactions 
developed for small molecules, including side-wall addition and oxidized wall 
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functionalization of CNTs. This approach has been successfully used to attach many polymers 
to CNTs via radical, cationic, anionic, ring-opening, and condensation polymerizations [2]. 
The main advantage of this “grafting from” technique is that the polymer growth is not 
limited by steric hindrance, allowing a high grafting density. However, this method requires 
strict control of the amounts of initiator and substrate as well as accurate control of conditions 
required for the polymerization reaction [1]. 
 
Polyamide (PA), or nylon as commonly referred, is an important thermoplastic widely used in 
industry. In practice it is often reinforced with different nanofillers in practice due to its 
relatively low tensile strength. Different mechanical tests show that the incorporation of a 
small amount of CNTs into a PA matrix can improve the modulus, strength and hardness of 
the composites [3]. Unlike most other nylons, polyamide-6 (PA6) is not a condensation 
polymer, but instead is formed by the ring opening polymerization (ROP) of caprolactam. 
CNT/PA6 nanocomposites have been successfully prepared via melt compounding or in situ 
polymerization in the presence of oxidized CNTs using grafting to approaches [4-7]. 
However, there are only few reports for the CNT surface-initiated ROP of PA6 [8-10]. 
IV.1.2 Results and discussion 
IV.1.2.1 PA6 functionalized CNTs 
IV.1.2.1.1 Synthesis 
First of all, PA6 polymer was synthesized by anionic ring opening polymerization of 
caprolactam in the absence of carbon nanotubes according to a procedure reported in the 
literature [11]. Caprolactam was carefully dried as any traces of water can prevent the 
polymerization. The monomer is liquid at 140 °C; therefore, bulk polymerization was carried 
out. The use of the activator, N-acetylcaprolactam, was necessary for the polymerization. 
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Caprolactam in the presence of sodium hydride can be maintained between 130 and 140°C for 
hours without polymer formation. The polymerization occurs rapidly after addition of the 
activator. This was also verified by our experiments. Indeed, the slowest step of the reaction is 
the first ring opening step. The caprolactam amide anion that is produced by the ring opening 
is not as stable as the imide anion, thus, the addition of a small amount of N-
acetylcaprolactam to the reaction mixture accelerates the polymerization (Figure IV.2). The 
Mw of the synthesized PA6 was 36962 g mol
-1 with a polydispersity (Mw/Mn) index of 2.3 as 
determined by gel permeation chromatography. 
 
Figure IV.2. Anionic ring opening polymerization of PA6. 
Covalent functionalization of CNTs with PA6 was accomplished by anionic ring-opening 
polymerization (AROP) of caprolactam in the presence of sodium hydride as a catalyst and 
caprolactam functionalized MWCNTs as initiator. A two-step grafting-process was used 
(Figure IV.3). The functionalization of CNTs with caprolactam was the first step. The purified 
carbon nanotubes were oxidized in concentrated HNO3 at 120 °C for 6 h to introduce 
carboxylic acid groups onto the CNT surface. The presence of the surface carboxylic acid 
groups was confirmed from the characteristic carbonyl band at 1722 cm–1 in the FTIR 
spectrum. By acid–base titration, the number of acidic groups was calculated to be 0.39 
mmol/gr CNTs. This corresponds to approximately 2.3 carboxylic acid functions for 500 
nanotube carbon atoms. The carboxylic acid groups attached to the CNTs were converted into 
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acyl chlorides by refluxing the oxidized nanotubes in thionyl chloride. The CNTs were further 
reacted with caprolactam to prepare CNT–caprolactam (CNT–CL).  
 
 
Figure IV.3. Functionalization route to CNT–PA. 
 
The second step is the sodium-initiated anionic-ring opening polymerization to obtain the 
PA6 functionalized CNTs. CNT–CL was added to CL in a concentration of 5 wt.%. We did 
not use N-acetylcaprolactam to ensure that the polymer chains grow from the surface of the 
CNTs and not individually in the reaction mixture. However, in that case, the polymerization 
rate would be very low. To compensate this, we used polyethyleneglycol (PEG), which will 
make the caprolactam anion more reactive, by complexing to the sodium cation as shown in 
Figure IV.4. We also let the polymerization continue for 24 h. Furthermore, as an imide is 
formed when a caprolactam ring attaches to the nanotube wall, the CNTs can play the role of 
activator for the surface-initiated ROP.  
 
Figure IV.4. Activation of the caprolactam anion by the PEG complexing agent. 
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At the end of the reaction, it was observed that the viscosity of the reaction mixture did not 
increase. CNTs were filtered and washed thoroughly with water and methanol to remove 
sodium salts and monomers, and with formic acid to remove the unattached polymer. No free 
polymer could be recovered by precipitation in water. The water became blurry, which 
suggests that the reaction could have afforded short oligomer chains. 
TGA measurements were performed to determine the quantity of polymer grafted to the 
CNTs. The CL grafted CNTs showed a 14 wt.% loss before 500 °C, corresponding to the 
grafted fragments. As observed from the TGA curves in Figure IV.5, the weight loss of the 
CNT–PA6 has not considerably increased (18 wt.%) compared to the CNT–CL (14 wt.%). 
This means that the grafted polymer chains are rather short and in low amounts.  
 
Figure IV.5. TGA curves of PA6, CNT–CL and CNT–PA6. 
FTIR spectroscopic analysis provided evidence that the CNT surface was successfully 
modified with the monomer and polymer (Figure IV.6). All the samples showed the typical 
bands corresponding to the C–H stretching vibrations at around 2855 and 2925 cm–1. These 
bands observed with a weak intensity on the spectrum of the oxidized CNTs are associated 
with the defects [12]. In addition, neat caprolactam (CL) shows a characteristic amide 
carbonyl stretching absorbance at 1659 cm–1. The polymerized sample exhibits two amide 
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peaks at 1638 cm–1 and 1540 cm–1 corresponding to the C=O stretching (« amide I ») and N–
H bending (« amide II ») absorptions, respectively. Prior to functionalization with CL, the 
carboxylic acid groups of oxidized CNTs give rise to a strong absorption band at 1720 cm–1. 
The IR spectrum of CNT–CL suggests that not all the carboxylic acid groups have been 
consumed during grafting and looking at the peak intensity, we can say that there is still 
significant amount of unreacted carboxylic acid group. However, a new peak, overlapping 
with the one at 1720 cm–1, appears at around 1680 cm–1, which is attributed to the imide 
carbonyl stretching. This confirms that CL has been successfully grafted to the surface 
carbonyl groups of the CNTs. The band intensities of the CNT–PA6 spectrum are not very 
strong, though, the spectrum clearly indicates that the signal at around 1680 cm–1 that was 
present prior to polymerization has disappeared. This is probably due to the opening of the CL 
rings that are grafted onto the CNT surface. 
 
Figure IV.6. FTIR spectra of CL, PA6, CNT–COOH, CNT–CL and CNT–PA6. 
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The surface modification also influences the Raman spectra of the CNTs. The purified CNTs 
exhibit the tangential mode band, G-band, at 1591 cm–1 and the D-band at 1328 cm–1 (Figure 
IV.7). The oxidation procedure of the CNTs does not change the band positions, whereas the 
D- to G-band intensity ratio (ID/IG) increases slightly from 1.64 to 1.76, due to the defect 
introduction onto the CNT surface. For CNT–CL, the ID/IG ratio does not differ from that of 
the oxidized CNTs, whereas the G-band shifts to 1580 cm–1. The CNT–PA6 shows a red shift 
to 1322 cm–1 in the D-band and also a shift to 1573 cm–1 in the G-band with an enhanced ID/IG 
ratio. 
 
 
Figure IV.7. Raman spectra of purified CNTs, CNT–CL and CNT–PA6. (Raman excitation = 
632.82 nm). 
 
TEM and SEM analysis was performed on the PA6 functionalized CNTs. The TEM image in 
Figure IV.8 (a) reveals that the CNTs are coated with a thin layer with an approximate 
thickness of 1 nm. The surface modification of the nanotubes is more evident in the SEM 
images of the CNTs (Figure IV.8 (b) and (c)). The polymer-modified material is coated with 
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an amorphous polymer layer, whereas the purified CNTs show the classical nanotube 
morphology.  
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Figure IV.8. (a) TEM image of CNT–PA6, (b) SEM images of CNT–PA6 and (c) purified 
CNTs. 
We tested the dispersibility of the CNTs in formic acid, a good solvent for PA6. Figure IV.9 
shows two vials containing equal volumes of solvent and equal masses of CNT–CL and 
CNT–PA6. It was found that the PA6 functionalized CNTs can be easily dispersed in formic 
acid, whereas caprolactam functionalized CNTs completely precipitates shortly after 
sonication. The dispersion containing CNT–PA6 stays as dark black for a period of at least 6 
months. The good dispersibility of CNT–PA6 in formic acid indicates that despite the low 
density of the grafted PA6 and the short chain length, the surface properties of the CNTs have 
been modified.  
The reasons for the short polymer chains formed in the presence of CNTs might be several. In 
the absence of an added activator, the activating effect of the grafted CL might be insufficient. 
Moreover, the presence of CNTs might play an inhibitor role for the polymerization. Penu et 
al [13] showed that even in the presence of an activator, MWCNTs slowed down the anionic 
polymerization kinetics of caprolactam. Its inhibiting effect became more important as the 
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amount of MWCNTs increased. Moreover, the better the state of dispersion of the MWCNT 
in the polymerizing system, the more severe was the inhibiting effect. 
 
Figure IV.9. Dispersions of (a) CNT–caprolactam and (b) CNT–PA6 in concentrated formic 
acid at a concentration of 0.5 g L- upon standing for one hour after sonication. 
 
IV.1.2.1.2 Polyamide/CNT composites 
The effect of CNT functionalization on the mechanical properties of the PA/CNT composites 
was investigated. In addition to CNT–PA6, amine functionalized CNTs (CNT–NH2) were 
prepared by the gas phase chemical derivatization of oxidized CNTs with 1,8-diaminooctane 
[14]. Typically, the 3 h nitric acid treated CNTs with a carboxyl concentration of 2.54 
mmol/gr CNT and the amine were placed together in a steel vial. The vial was heated at 160 
°C under vacuum for 4 h. This easy procedure resulted in CNT–NH2 with a 2.48 % N content 
as determined by elemental analysis. The PA/CNT composites were prepared by melt-
blending using a co-rotating twin screw mini extruder. The main problem encountered in the 
processing of PA matrix is the thermal degradation; in fact this kind of thermoplastic matrix 
show a thermal degradation at the processing temperature (at around 280 °C). Thus, different 
matrices were tested. Despite the good mechanical performance, the DURETAN A30S matrix 
system shows a significant thermal degradation at the processing temperature just after 1 
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minute. This short processing time does not allow the good dispersion of the CNTs, also as 
evidenced by a very brittle behavior of the materials in the tensile tests. The second matrix, 
Rhodia 27EA1, shows a thermal stability of 10 min at the same temperature, which allows to 
process the composites with the CNTs for a longer time. A rotation speed of 150 rpm, which 
is the maximum speed of the extruder, and a temperature profile of 280/290/295 °C were 
used. The most suitable processing time was investigated by analyzing the mechanical 
properties of the neat composite. Table IV.1 lists the tensile properties of neat Rhodia 27EA1 
as a function of processing time.  
 
Table IV.1. The tensile properties of neat Rhodia 27EA1 as a function of processing time. 
Processing time 
(min) 
Young’s 
Modulus 
(MPa) 
Yield 
Strength 
(MPa) 
Yield  
Strain  
(%) 
Tensile 
Strength 
(MPa) 
Tensile 
 Strain  
(%) 
Directly extruded 2480 ± 28 58.4 ± 0.2 19.5 ± 0.6 82.0 ± 8.9 250.2 ± 32.5 
1 2477 ± 24 58.2 ± 0.1 19.2 ± 0.4 81.0 ± 8.3 248.0 ± 29.7 
5 2478 ± 33 59.3 ± 0.4 19.1 ± 0.2 80.0 ± 2.9 247.3 ± 19.9 
10 2674 ± 53 57.9 ± 0.2 7.3 ± 0.3 52.8 ± 6.2 23.4 ± 4.2 
 
As it is observed from the results, 5 min is the ideal processing time.  Therefore, the Rhodia 
27EA1 matrix was melt blended with 1 wt.% pristine, amine functionalized or polyamide 
functionalized CNTs for 5 minutes using the determined temperature profile. Table IV.2 
summarizes the experimental results obtained from the tensile tests and the histograms in 
Figure IV.10 compare the properties of each material.  
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Table IV.2. Tensile properties of neat PA and PA/CNT (1 wt.%) composites. 
Material Young’s 
Modulus 
(MPa) 
Yield 
Strength 
(MPa) 
Yield  
Strain  
(%) 
Tensile 
Strength 
(MPa) 
Tensile  
Strain  
(%) 
PA 2478 ± 33 59.3 ± 0.4 19.1 ± 0.2 80.0 ± 2.9 247.3 ± 20.0 
PA/CNTs  2429 ± 62 65.1 ± 0.1 20.6 ± 0.8 57.4 ± 0.4 33.0 ± 2.7 
PA/CNT–PA6  3156 ± 47 69.0 ± 0.5 12.4 ± 0.4 59.7 ± 7.4 21.4 ± 5.7 
PA/CNT–NH2 2723 ± 105 64.2 ± 0.7 16.9 ± 1.5 63.2 ± 0.4 19.6 ± 2.9 
 
 
 
 
Figure IV.10. Comparison of the tensile properties of the PA66/CNT composites. 
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Figure IV.11. Stress-strain curves of (a) neat PA and PA/CNT–PA6, and (b) PA/CNT–PA6. 
The best improvement in terms of Young’s modulus and yield strength was achieved with 
CNTs functionalized with PA6, probably due to the improved CNT–matrix interfacial 
interaction. By incorporation of 1 wt.% CNT–PA6, the Young’s modulus increased by 27% 
while the improvement in yield strength was 16%. Figure IV.11 shows the typical stress-
strain curves of neat PA and PA/CNT–PA6. It is observed that after the plastic deformation 
point, the yield strength, the material starts to strain and an increase in stress is observed till 
the point of rupture due to the straightening of polymer chains, which gives rise to high 
tensile strength. On the other hand, by the addition of CNTs the material becomes stiffer and 
more resistant to plastic deformation, which causes a high decrease in tensile strain. A similar 
behaviour was observed for all the CNT incorporated composites. These results evidence that, 
despite the low molecular weight of the grafted PA6 units, the material loaded with CNT–
PA6 showed the best mechanical improvement. 
IV.1.2.2 Covalent polymerized ionic liquid functionalization of CNTs 
Covalent approach has also been studied for the functionalization of CNTs with polymerized 
ionic liquid (PIL). The synthesis steps are shown in Figure IV.12. The MWCNTs were 
202 
 
purified and oxidized with nitric acid. Then, the hydroxyl-terminated IL monomers were 
grafted to the acyl chloride groups of the MWCNTs. 
 
 
Figure IV.12. Illustration of the process of PIL grafting from the surface of CNTs. 
The presence of grafted IL was confirmed by elemental analysis, the sample contained 3.7 
wt.% N. The TGA weight loss due to the grafted IL was 13 wt.% as determined by TGA. 
Theoretically it should be 4 wt.%. This suggests that IL has been also noncovalently adsorbed 
on the CNTs. In situ free radical polymerization of [VEIM] based IL monomers was 
conducted using AIBN as initiator in the presence of the IL grafted CNTs. Apart from Cl- 
anion, both Br- and NTf2
- counter anions were used for the reactions. After 24 h, the CNTs 
were seperated from the reaction mixture by filtration. The filtrate was poured into a suitable 
solvent to precipitate the PIL formed in the presence of CNTs. The IR analysis of the IL 
grafted CNTs, also shows that the vinyl bands at 1660 cm–1 disappears (Figure IV.13). This 
shows that polymerization took place. However, the resulted CNTs do not show any 
dispersibility in any solvent, which shows that the polymer chains did not grow enough from 
the surface grafted ILs. The IL functionalized CNTs are probably attracted to each other 
preventing the growth of the polymer chains. 
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Figure IV.13. FTIR spectra of CNT–[VEIM]NTf2 prior to and after polymerization. 
 
We also tried adding the monomer-grafted CNTs with the radical initiator prior to the addition 
of the monomer to promote the polymer growth from the CNT surface. However, as observed 
by SEM (Figure IV.14), the CNTs formed macroscopic assemblies probably by cross-linking 
with each other through chemical reactions between the vinyl groups attached to the CNT 
walls. Similar cross-linking has also been observed with other type of functional groups 
attached to CNTs and these robust assemblies have been reported to have potential 
applications for sensors, transistors, electrodes, actuators and fibers [15-17]. The Raman 
spectrum of the CNT-[VEIM]Cl and cross-linked CNTs are shown in Figure IV.15. It was 
observed that the ID/IG ratio decreased from 1.71 to 1.57 as a result of cross-linking. 
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Figure IV.14. Cross-linked macroscopic assemblies of IL monomer-grafted MWCNTs. 
 
 
Figure IV.15. Raman spectra of CNT-[VEIM]Cl and the cross-linked CNTs. 
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IV.2 The covalent “grafting to” approach 
 
IV.2.1 Introduction 
In general, the “grafting to” approach involves pre-formed polymer chains either reacting with 
the pristine CNT sidewall or reacting through carboxylic groups present on the sidewall 
(Figure IV.16).  
 
 
Figure IV.16. Schematic representation of the “grafting to” approach to CNT 
functionalization with polymers [1]. 
For the latter, CNTs are simply submitted to an oxidation process using HNO3 for example. 
This kind of functionalization is also known as defect site functionalization since it has been 
shown that the defect sites, including the tube ends, are more prone to oxidation [12, 18, 19]. 
The main limitation of the “grafting to” technique is that the initial binding of polymer chains 
sterically hinders the diffusion of additional macromolecules to the CNT surface, which could 
lead to a low grafting density, particularly with high molecular weight polymers.  
Apart from the defect site functionalization, a number of addition reactions are also possible 
on the nanotube sidewalls. Since the curvature of the nanotubes imparts a significant strain 
upon the sp2 hybridized carbon atoms that make up their framework, the energy barrier 
required to convert these atoms to sp3 hybridization is lower than that of the flat graphene 
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sheets, making them susceptible to various addition reactions. One of the reactions exploited 
in this functionalization strategy has been the radical coupling to the nanotube surface as 
illustrated in Figure IV.17, a process found to be efficient with both nanotubes and C60 [1]. 
Using the density functional theory, a quantum mechanical modeling method, it has been 
shown that the radical coupling to the nanotube surface is energetically favorable [20]. The 
free radical that is generated by the coupling of an initiator to the CNT surface is delocalized 
over several nanotube carbon atoms. The polyme
bonds of the CNTs can be produced using two main approaches: (i) the dissociation of 
specific polymer chain end groups such as nitroxyl [21] or bromide [22], and (ii) the in situ 
radical polymerization of the monomers in the presence of pristine CNTs. For the first method 
the preparation of the end-capped polymer is needed; however, it is advantageous because it 
allows for complete characterization of the polymer structure prior to immobilization on the 
nanotube surface. In in situ grafting polymerization, the polymerization is carried out in the 
presence of CNTs; however, the termination of the free radicals due to coupling with each 
other competes with the grafting of the polymer chains to the CNT surface. This in turn 
makes the control of the grafting degree relatively difficult.  
 
 
Figure IV.17. Illustration of the covalent fixation of a polymer radical onto the CNT surface. 
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Functionalized CNTs for epoxy matrices 
Epoxy or polyepoxide is a thermosetting epoxide polymer that cures (polymerizes and cross-
links) when mixed with a curing agent or "hardener". Most common epoxy resins are 
produced from the ring-opening reaction between epichlorohydrin and bisphenol A and 
common hardeners are based on diamine-substituted monomers. Figure IV.18 shows the 
molecular structure of bisphenol A based epoxy resins and the cross-linking of the polymer 
chains by a hardener. Epoxy resin is most commonly used as a matrix for advanced 
composites due to their superior thermal, mechanical and electrical properties; dimensional 
stability and chemical resistance. 
 
 
Figure IV.18. (a) The molecular structure of epoxy resin and (b) crosslinking of epoxy resin. 
In recent years, different types of polymer composites have been synthesized by incorporating 
CNTs into various polymer matrices. Among these, epoxy matrices have been one of the most 
widely studied due to the extensive uses of epoxy resins in the areas of electronics, 
automotive, aeronautics and marine industry and others [23]. Following the first report on the 
preparation of aligned MWCNT arrays formed by cutting an epoxy/CNT composite [24], 
there have been continuous efforts to incorporate CNTs into various types of epoxy resins to 
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obtain functional composite materials [25, 26]. The modification of epoxy resins with CNTs 
could endow the composites with some superior mechanical, thermal and electrical properties. 
Most of the reports published so far on these materials advocate surface functionalization of 
CNTs and the use of a surfactant as possible routes to enhance the dispersion and interfacial 
adhesion between CNTs and the epoxy matrix. We will not go into detail about these studies 
here; Table 2 presents a summary of the experimental results of some selected publications, 
involving the covalent “grafting to” approach. Studies on various amine functionalized CNTs 
have been also included since the covalent attachment of the epoxy matrix to the CNTs can 
occur during the curing process as illustrated in Figure IV.19. 
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Table 2. A summary of the selected studies on CNT/epoxy composites prepared using “grafting to” approach. 
Functionalization Strategy Improvements Challenges/remarks Ref. 
Functionalization of acid oxidized MWCNTs with 
triethylenetetramine (TETA) 
Improvements in Tg (19% at 0.5 wt.%) and impact 
strength (97% at 0.5 wt.%) 
 [27] 
Functionalization of acid oxidized MWCNTs 
with (1) Polyacryloyl chloride (PACl) and (2) epoxy  
Improvements in Tg (18% at 1 wt.%), tensile strength 
(40% at 0.7 wt.%) and modulus (90% at 0.1 wt.%) 
Decrease of modulus at CNT contents 
 > 1 wt.% 
[28] 
Functionalization of MWCNTs with different 
amino groups 
Improvements in flexural strength (120.41% at 1 wt.%) 
and Td (36 °C at 0.25 wt.%) 
Reduced Tg, the improvements depend 
on the molecular structure of the amine 
modifier 
[29] 
Functionalization of MWCNTs with amine 
 
Improvements in curing kinetics, Tg (5% at 3 wt.%), 
flexural strength (~25% at 3wt.%) and storage modulus 
(53% at 3 wt.%)  
Damping property decreased  [30] 
Plasma assisted functionalization of MWCNTs with 
(1) Maleic anhydride (2) diamine (3) epoxy 
Improvements in tensile strength (50% at 1 wt.%) and 
modulus (100% at 1 wt.%) in electrical conductivity 
(percolation threshold at between 0.1 and 0.2 wt %) 
and in thermal stability (21 °C at 1 wt.%))  
 [31] 
Functionalization of acid oxidized MWCNTs with  
diglycidyl ether of bisphenol A (DGEBA) 
Improvement in flexural strength (115% at 3 wt.%) and 
elastic modulus (15% at 3 wt.%) 
No change in Tg [32] 
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Side-wall functionalization of SWCNTs with an amino 
hardener 
Improvement in storage modulus (25% at 0.5 wt.%)  
 
Decrease in Tg (due to the reduced cross-
linkage) 
[33] 
Functionalization of acid functionalized SWNTs with 
(1) dicarboxylic acid acyl peroxide treatment, (2) 
diamines 
Improvements in storage modulus (47% at 4 wt.%), 
tensile strength (25% at 1 wt.%) 
and tensile modulus (68% at 4 wt.%) 
Decrease in tensile strength and Tg at 
loadings ≥ 4 wt.%. 
[34] 
Functionalization of acid oxidized MWCNTs with 
TETA 
Improvements in tensile strength (30% at 0.5 wt.%) 
and modulus (38% at 0.5 wt.%) 
Mechanical properties starts to decrease 
at a loading > 0.75 wt.%. 
[35] 
Functionalization of acid oxidized MWCNTs with 
TETA 
Improvement in flexural strength 
(29% at 0.6 wt%), flexural modulus (22% at 0.6 wt.%) 
and impact strength (84% at 0.6 wt.%) 
Decrease of mechanical properties at 
CNT contents > 0.6 wt.%. 
[36] 
Functionalization of MWCNTs with polyethylenimine 
 
Improvement in storage modulus (8% at 1 wt.%) 
 
No change in Tg, reduced electrical 
conductivity  
[37] 
Functionalized of DWCNTs with amine Improvements in tensile modulus (6% at 0.1 wt.%), 
very slight increase in tensile strength at 1 wt.% 
 [38] 
Functionalized of DWCNTs and MWCNTs with 
amine 
Improvements in tensile strength (14% at 0.5 wt.% of 
DWCNTs and 8% at 0.5 wt.% of MWCNTs) and in 
ultimate tensile strength (8% at 0.5 wt.% of DWCNTs) 
No significant improvement in tensile 
strength with MWCNTs. Due to their 
concentric structure, MWCNTs have an 
effective surface area of only 9% of their 
total weight. 
[39] 
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Functionalization of SWCNTs with poly(glycidyl 
methacrylate)  
Improvements in storage modulus (42% at 1 wt.%), 
tensile strength (40% at 1 wt.%) and tensile modulus 
(60% at 1 wt.%) 
High decrease in Tg due to reduced cross-
linking of the epoxy matrix 
[40] 
Functionalization of MWCNTs with poly(glycidyl 
methacrylate) 
Improvements in storage modulus (518% at 3 wt.%), 
Tg (11 °C at 3 wt.%) and thermal conductivity (183% at 
3 wt.%) 
 [41] 
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Figure IV.19. Integration of the functionalized CNTs into the epoxy matrix [34]. 
These reported results indicate that the covalent bond formation between the functionalized 
CNTs and the epoxy matrix would lead to a more effective stress transfer and form a denser 
cross-linked structure; thus, mechanical and thermal properties of epoxy composites could be 
improved. Likewise, covalent surface modifications with polymers compatible with the epoxy 
matrix play an active role in the enhancement of mechanical properties of CNT-reinforced 
epoxy composites. The decrease in Tg  of the composites reported in some studies can be due 
to two things. The CNTs can interfere with the curing reaction of the epoxy, leading to 
reduced Tg. In addition, when CNTs do not disperse well, they form holes in the matrix where 
polymer chains can move easily, resulting also in low Tg. 
We studied several functionalization strategies for the preparation of functionalized CNTs for 
epoxy matrices. These involve covalent grafting of polymers bearing amino groups and epoxy 
terminal groups (Figure IV.20 (a) and (b)), which can react with the epoxy matrix and the 
amine curing agents, respectively. This will lead to covalently bonded CNT/epoxy 
composites. Furthermore, another strategy consists in grafting a polyacrylate, structurally 
similar to the epoxy matrix (Figure IV.20 (c)). The idea here is to prepare polymer grafted 
CNTs, which can non-covalently interact with the epoxy matrix.  
 213 
 
 
Figure IV.20. Polymer functionalized CNTs prepared in this study: (a) polyvinylamine 
functionalized CNTs, (b) glycidyl end-capped poly(bisphenolA-co-epichlorohydrin) 
functionalized CNTs and (c) poly(2-hydroxy-3-phenoxypropyl acrylate) (PHPPA) 
functionalized CNTs. 
The two synthesis approaches used for grafting the above polymers to the CNT surface are 
based on the in situ free radical polymerization and the reaction between the carboxylic acid 
groups of the oxidized CNTs and the polymer. 
IV.2.2 Results and discussion 
IV.2.2.1 Functionalization of CNTs by radical addition 
IV.2.2.1.1 Polymer synthesis 
The first step was the polymer preparation to determine the suitable synthesis conditions. 
Polyvinylamine (PVA) cannot be directly synthesized from its corresponding monomer due to 
the instability of vinylamine. Therefore, we used commercially available N-vinylformamide 
(NVF), a precursor developed for simple and economical production of PVA. PNVF can be 
easily converted into PVA by hydrolysis, in either acidic or basic aqueous solution. The 
synthesis route that we adopted is described in Figure IV.21. We preferred the base hydrolysis 
route as it leads to complete hydrolysis, whereas the acid hydrolysis is completed with a 80% 
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conversion because of the electrostatic repulsion between the cationic amine groups generated 
during hydrolysis and the proton hydrates [42]. The drawback of the base hydrolysis is that 
the removal of the hydrolysis by-product, sodium formate, is problematic. Therefore, the 
hydrolyzed sample was acidified with a concentrated HCl solution and precipitated as 
PVA.HCl in methanol. 
 
 
Figure IV.21. Synthesis route of PVA via base hydrolysis of PNVF and its isolation as 
PVA.HCl. 
As evidenced from the 1H NMR spectra of PVF and PVA.HCl (Figure IV.22), the peaks of 
PNVF attributed to the formamide groups in the 7.5–8.2 ppm region were completely 
disappeared after hydrolysis. This indicated that the amide groups in PNVF were totally 
converted to amine groups by hydrolysis, affording PVA. The FTIR spectra of the polymers 
are shown in Figure IV.23. The PNVF sample exhibit a characteristic C=O stretching band at 
1672 cm–1, a C-N stretching band at 1385 cm–1 and a N–H bending band at 1597 cm–1. The 
broad band in the 3000 cm–1 region was attributed to the N–H stretching of the amide, 
whereas PVA.HCl shows a very broad peak at around 2961 cm–1 due to the N–H stretching of 
the NH3
+ salt.  It showed other strong bands at 1597 cm–1 assigned to the N–H bending, 1508 
cm–1 and 1402 cm–1.  
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Figure IV.22. 300-MHz 1H NMR spectra of PVF (bottom) and PVA.HCl (top) in D2O. 
 
 
Figure IV.23. FTIR spectra of PNVF (top) and PVA.HCl (bottom). 
Poly(2-hydroxy-3-phenoxypropyl acrylate) (PHPPA) was also successfully polymerized using 
the similar radical polymerization with AIBN as initiator. The polymer structure was 
characterized by 1H NMR spectroscopy (Figure IV.24). 
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Figure IV.24. 300–MHz 1H NMR spectra of PHPPA in CDCl3. 
 
 
Figure IV.25.  ATR–IR spectra of (a) the monomer, HPPA and (b) the polymer, PHPPA. 
Figure IV.25 presents the ATR–IR spectra of the HPPA monomer and the corresponding 
polymer. After polymerization, the carbonyl stretching band of the monomer at 1721 cm–1 
shifted to 1731 cm–1 and the relative intensity of the C-H stretching bands between 2850 and 
3000 cm-1 increased. Furthermore, the disappearance of the C=C stretching band at 1633 cm–1 
in the spectra of the polymerized sample clearly indicates that the polymerization was 
successful. 
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IV.2.2.1.2 Functionalization of CNTs  
As any impurities or the various oxygen containing groups were suspected to hinder the 
grafting of the polymer onto the CNT sidewall, the CNTs were purified using H2SO4 that does 
not introduce such groups. The grafting of PNVF and PHPPA to MWCNTs was carried out 
by dispersing the CNTs with the aid of ultrasonication in a solution of the corresponding 
monomer and polymerizing with AIBN as radical initiator using the determined conditions. 
As produced PNVF grafted CNTs were further treated with base to hydrolyze the amide 
groups to amine. The separation of the hydrolysis by-product could be carried out by simply 
washing the PVA-grafted CNTs several times with distilled water and ethanol. FTIR 
spectroscopic analysis provided additional evidence that the hydrolysis was successful (Figure 
IV.26). The strong amide C=O stretching band at 1674 cm–1  on the spectrum of CNT–PNVF 
decreased sharply after hydrolysis and N-H stretching band appeared at 3458 cm–1. The 
elemental analysis of the CNT–PVA sample gave about 4.5 wt.% N atom. 
 
Figure IV.26. FTIR spectra of CNT–PNVF (top) and CNT–PVA (bottom). 
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TGA measurements were performed to determine the amount of polymer grafted to the CNTs. 
As determined by the weight losses of the TGA curves in Figure IV.27), the polymer content 
was 14 wt.% and 10 wt.% for CNT–PVA and CNT–PHPPA, respectively.  
 
 
Figure IV.27. TGA curves of purified CNTs and (a) CNT–PVA,  (b) CNT–PHPPA. 
Figure IV.28 shows the TEM images of PVA and PHPPA grafted CNTs. We enhanced the 
image contrast for polymers by using a staining agent. The polymer layers with darker 
contrast are clearly observed in the TEM images with a varying thickness of up to 10 nm. 
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Figure IV.28. TEM images of (a-c) CNT–PVA with phosphotungstic acid staining, and 
CNT–PHPPA with (d-e) RuO4  and (f) phosphotungstic acid staining. 
We also studied the effect of the grafted polymers on the Raman spectrum of the CNTs. 
Figure IV.29 shows the Raman spectra of the purified CNTs and CNTs grafted with PVA and 
PHPPA. Purified CNTs exhibit the so-called G-band at 1587 cm1 and D-band at 1328 cm1. 
The D-band is due to defect and disorder sites in the hexagonal framework of CNT walls. The 
ID/IG ratio is 1.64 for the purified CNTs and increases to 1.75 and 1.73 for the CNTs grafted 
with PVA and PHPPA, respectively. Such kind of surface functionalization enhanced D-band 
intensity has been reported in many studies and has been directly associated with covalent 
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grafting [43-46]. However, the sp3 carbons of the polymer layer on the CNTs can also 
contribute to the D-band. Therefore, we carried out control experiments by mixing purified 
CNTs with the polymers at room temperature.  We observed an increase (1.83) and a decrease 
(1.50) in the ID/IG ratio of the CNTs mixed with PHPPA and PVA, respectively. This shows 
that different types of polymers used for CNT functionalization can differently affect the 
Raman spectrum of the CNTs. Therefore, the ID/IG ratio cannot be used as a direct evidence of 
covalent grafting for polymers. 
 
Figure IV.29. Raman spectra of the purified and polymer grafted CNTs. 
The dispersibility of the resulted CNTs was tested in the suitable solvents (Figure IV.30). The 
CNT–PHPPA showed good dispersibility in THF, a good solvent for PHPPA, whereas the 
pristine CNTs quickly precipitated after sonication. Due to the abundant amino groups, the 
PVA functionalized CNTs dispersed easily in water with the aid of mild sonication. The 
particle size distribution curve of the CNT–PVA in water was obtained from the laser 
diffraction particle size analysis (Figure IV.31). The curve shows that the 28 vol.% of the 
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CNT bundles have a mean diameter of less than 10 m. This fraction can be separated by a 
simple centrifugation for further processing. 
 
Figure IV.30. Dispersions of (a) pristine CNTs (left) and CNT–PHPPA (right) in DCM and 
(b) CNT–PVA in water (0.5 g L–) upon standing for one hour after sonication. 
 
 
Figure IV.31. Size distribution curve of CNT–PVA in water. 
The polymers formed in the presence of 5 wt.% CNTs were recovered and characterized. 
Their properties were compared with those of the polymers synthesized in the absence of 
CNTs using the same conditions. The glass transition temperatures (Tg) are given in Table 3. 
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Table 3. Glass transition temperatures of the polymers in the presence of, or without, CNTs. 
Sample Tg (°C) (from DSC) 
PNVF 125.4 
PNVF in situ polymerized 147.3 
PHPPA 25.5 
PHPPA in situ polymerized 18.1 
 
We also measured the molecular weights of the polymers to examine the effect of CNT on the 
polymerization reaction by size-exclusion chromatography (SEC). The results of SEC 
analysis are summarized in Table 4. It is observed that the molecular weight of both polymers 
are decreased (by 37%, Mw) if polymerized in the presence of CNTs. 
Table 4. Results of SEC analysis of the polymers prepared in the presence of, or without, 
CNTs. 
Sample Mw (g mol
–1) Mn (g mol
–1) Polydispersity index, 
Mw/Mn 
PNVF  36940 21790 1.69 
PNVF in situ polymerized  23270 14160 1.64 
PHPPA 12350 6378 1.94 
PHPPA in situ polymerized  7765 4362 1.78 
 
As the AIBN quantity, monomer concentration, solvent, reaction time and temperature were 
the same for both polymers synthesized in the presence of, or without, CNTs, it is not the 
reaction parameters that lead to the difference in the polymer molecular weight. This result 
suggests that the CNTs obstruct the further polymerization of the PNVF and PHPPA 
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molecules as reported by some groups [47, 48] for poly(methyl methacrylate). Furthermore, it 
was observed that the molecular weight of the polymer decreases with the increase of the 
CNT content. The proposed processes of free radical polymerization in the presence of CNTs 
are illustrated in Figure IV.32.  
 
 
Figure IV.32. Susceptible processes of radical polymerization in the presence of CNTs. 
 
The primary radicals formed by thermal initiation could react either with the vinyl monomers, 
thus initiating the polymerization, or with the  bonds of the CNTs. Subsequently, there are 
four possible scenarios [47, 48]: (i) the polymerization will be terminated by the 
disproportionation of two growing polymer chains, (ii) a growing polymer chain will 
covalently bind to the surface of the CNTs by the attack of an active polymer chain end to the 
carbon skeleton, (iii) polymerization inhibition by chain termination and (iv) polymerization 
of the monomers by radicals present on the CNT surface. The above scenarios can take place 
simultaneously and/or competitively, leading to a mixture of free polymer chains and polymer 
grafted CNTs. The third scenario occurs if the free radical of a growing polymer chain is 
transferred to the nanotubes. This ends the polymer growth, resulting in relatively low 
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molecular weight polymer. According to Liu [49], the fourth scenario is not favorable. The 
author claims that it requires more activation energy to break the -bonds on the CNT surface 
with the initiator. Therefore, it is assumed that most of the grafted polymer chains results from 
the breaking of the -bonds on the CNT surface with the polymer free radicals. Another 
scenario is also possible if CNTs contain hydroxyl groups. These groups introduced to the 
CNT skeleton or to the carbonaceous impurities during oxidation can act as a scavenger of 
radicals as shown by Gonçalves et al. [48]. Partial loss of the initiation activity results also in 
polymerization retardation. However, in this study we used a purification procedure, which 
does not oxidize the CNT surface.  
Then, in our case, it is likely that the macromolecule radicals attack and activate the CNT 
surface. In addition, the grafted chains generate active radicals on the CNT surface which can 
also initiate other monomers. On the other hand, polymer chains can also be terminated by the 
scavenging effect of the CNT structure, leading to relatively short, ungrafted polymer chains.  
IV.2.2.2 Functionalization of CNTs by “defect site” chemistry  
Commercial glycidyl terminated epoxy resin with a Mn value of 355 was used for the 
modification of CNT surface. Low molecular weight was preferred to favor high grafting 
density. Furthermore, as chain ends are terminated by epoxy groups, CNTs can be 
interconnected if both ends interact. To minimize the formation of the interconnected CNTs, 
an excess amount of resin had to be used. The low viscosity of the resin (Tg = –17.6 °C) 
enabled to use the resin as reaction solvent. The grafting of the phenoxy onto the CNTs was 
achieved through blending the nitric acid oxidized CNTs and the resin at 80 °C (Figure 
IV.33). As mild heating was used, tributylamine (NBu3) was added to the reaction mixture as 
activator.  
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Figure IV.33. Illustration of the epoxy grafting to the CNT surface. 
 
FTIR analysis was used to verify the successful grafting. The spectrum of the epoxy grafted 
CNTs resembles that of the neat epoxy, but with the presence of a carbonyl band at around 
1717 cm–1 (Figure IV.33). Peaks located at 2920 cm–1, 2850 cm–1, 1457 cm–1, are attributed to 
the C–H stretching, while the band at around 1235 cm–1 is due to the C–O vibration of aryl 
ethers [32]. The grafting involves the transformation of carboxylic acid groups to ester 
groups. As shown in Figure IV.34, the carbonyl bands of the CNT samples are quite broad 
with a peak at around 1717 cm–1. No indication of the acid to ester conversion could be 
obtained from this peak. It is also possible that not all the carbonyl groups reacted with the 
epoxy resin. However, the appearance of a band at 1100 cm–1, corresponding to the C–O bond 
formation between the carboxylic acid and the epoxide ring suggests the presence of a 
covalent grafting. The opening of the terminal epoxy rings during the grafting reaction should 
reduce the intensity of the C–O stretching band at 910 cm–1 [50]. The decrease in the relative 
intensity of this band that is observed in the spectrum of the CNT–epoxy provides further 
evidence for the covalent grafting.  
 
 227 
 
 
Figure IV.34. FTIR spectra of the oxidized CNTs, CNT–epoxy and neat epoxy resin. 
TGA curves in Figure IV.35 shows the weight losses of the oxidized CNTs and the CNT–
epoxy heated to 800 °C under air. If the mass loss of the CNTs at 500 °C is used as reference, 
the mass loss of the CNTs due to the grafted fragments is about 12 wt.% and 30 wt.% for the 
oxidized CNTs and the epoxy grafted CNTs, respectively. Knowing the Mn of the commercial 
epoxy and the weight loss due to the grafted epoxy fraction (18 wt.%), the grafting density is 
calculated to be roughly 0.51 mmol/g CNT. 
The grafting degree was also determined using acid–base titrations. Titration with NaOH 
gives the amount of the total acidic sites of CNTs, including carboxylic acids, lactones and 
phenols. The difference between the initial and final concentration of the acidic sites 
determined by titration will give the number of grafted epoxy chains. The titration results are 
given in Table IV.5.  
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Figure IV.35. TGA curves of oxidized CNTs and CNT–epoxy. 
 
    Table IV.5. Acidic site concentration of the CNT samples determined by chemical 
titration. 
Sample Acidic site concentration 
(mmol/g CNT) 
Oxidized CNTs 1.37  
CNT–epoxy 0.38  
Oxidized CNTs + epoxy  1.12  
 
Titration of the CNTs showed that 1 g oxidized CNTs used in this study contains 1.37 mmol 
acidic sites. Upon reaction with the epoxy resin, the acid concentration of the sample reduces 
to 0.38 mmol per 1 g functionalized CNTs. For a reliable comparison, based on the weight 
loss from the TGA, a mechanical mixture of oxidized CNTs and epoxy resin with an overall 
epoxy content of about 18 wt.% was prepared by stirring the CNTs and the resin in THF at 
room temperature and evaporating the solvent. The titration of the control sample showed an 
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acid concentration of 1.12 mmol/g CNT. This means that around 66% of the acid functions in 
the oxidized CNTs were consumed for the epoxy grafting. Similarly, the grafting density is 
calculated to be roughly 1 epoxy chain for 100 C atoms of the nanotube. 
Figure IV.36 shows the TEM micrographs of the epoxy grafted CNTs. In order to increase the 
contrast of the grafted polymer, the sample was treated with a TEM staining agent. The TEM 
analysis revealed that the morphology of the functionalized CNTs is different from the 
previously studied polymer coated CNTs. The surface of the epoxy grafted CNTs is coated 
with many nanosized particles. Indeed, it should be noted that the chain length of the epoxy 
used in this study is quite small for a polymer; it has an average repeating unit, n, of around 
1.4. Therefore, it would be more appropriate to refer to it as oligomer. These images show 
that the grafted oligomers have been homogeneously distributed on the surface of the CNTs. 
The epoxy grafted sample does not show good dispersibility in solvents such as THF that 
solubilizes the epoxy resin, most likely due to the short chains. 
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Figure IV.36. (a-c) TEM images of epoxy grafted CNTs. 
As shown in the Raman spectra of Figure IV.37, the oxidized CNTs show a D-band at 1334 
cm–1 and a G-band at 1588 cm–1. After epoxy grafting, the G-band shifts slightly to 1585 cm–
1. Furthermore, the D- to G-band intensity ratio (ID/IG) decreases from 1.76 to 1.59. While a 
similar red shift was observed for the mechanical CNT/epoxy mixture, the ID/IG ratio 
remained similar compared to the oxidized CNTs. This indicates that covalent grafting of the 
epoxy alters the Raman features of the CNTs. A Raman study [51] carried out on polyurea 
functionalized MWCNTs revealed that the Raman signals of functionalized CNTs are 
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strongly dependent on the given polymers and their structures. However, the authors 
concluded that detailed studies are needed to fully understand the effect of polymer 
functionalization of CNTs in terms of Raman spectra and the possible CNT–polymer energy 
transferring mechanism. 
 
Figure IV.37. Raman spectra of oxidized CNTs, epoxy grafted CNTs and CNT/epoxy 
mixture. 
 
IV.3 Conclusions 
 
Two covalent grafting approaches were used to functionalize CNTs with polymers. It has 
been shown that PA functionalization of the CNTs results in low amounts of polymer which is 
probably due to both the retarding effect of the nanotubes on the polymerization rate and the 
low activation of the polymerization in the absence of N-acetylcaprolactam. Despite this, at 
only 1 wt.% CNT loading, PA grafted CNTs increased the mechanical properties of the PA 
composites more than the pristine or amine functionalized CNTs. The free radical 
polymerization of the polymerized ionic liquids did not sufficiently proceed from the surface 
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of the IL grafted CNTs. The solvent dispersibility of the CNTs did not improve. In the 
absence of monomer, the radically initiated IL grafted CNTs were cross-linked to each other. 
On the other hand, "grafting to" approach offered a simple and direct method to obtain three 
kinds of polymer functionalized CNTs. Particularly, radical addition reaction did not require 
any CNT modification prior to polymerization and proceeded well with both vinyl 
imidazolium monomers used (N-vinylformamide and 2-hydroxy-3-phenoxypropyl acrylate) 
studied. Subsequent base hydrolysis of the CNT-PNVF allowed us to prepare CNTs bearing a 
large amount of amine groups. We also showed that the molecular weight of the polymers 
was reduced in the presence of CNTs during the in situ polymerization. This effect could be 
due to the active participation of the CNTs in the radical polymerization process and/or to 
simply the steric hindrance arising from the CNTs. Lastly, we showed that epoxy chains can 
be grafted onto the CNT surface in a controllable manner using the "defect site" chemistry.  
Using a low molecular weight polymer, we obtained epoxy functionalized CNTs with a high 
grafting density: ~74% of the acid sites on the CNTs were reacted. 
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General conclusions and perspectives 
 
In this thesis, different functionalization methods have been investigated in order to improve 
the dispersibility of CNTs in solvents and polymer matrices. The grafting strategies are based 
on covalent and noncovalent interactions. For the noncovalent functionalization, we used « in 
situ polymerization » and « solution mixing », whereas « grafting to » and « grafting from » 
methods were used for the covalent approach. 
The noncovalent functionalization has been studied with imidazolium based polymerized 
ionic liquids which adsorb onto the CNT surface via possible  and/or cation 
interactions. The results obtained during the solution dispersion tests as well as the particle 
size analysis indicate that the in situ method leads to a better CNT debundling, thus to a 
higher stability of the dispersions. We investigated the effect of both PIL cation and anion on 
the resulting hybrid material. Using the poly[VEIM]+ backbone, we observed a higher amount 
of adsorbed PIL in the case of Br- compared to the bulky NTf2
– anion, suggesting a steric 
effect. The nature of the cation has a more pronounced effect on the hybrid material. The use 
of protic polymerized ionic liquids (presence of the proton on the quaternized nitrogen atom), 
which show a strong H-bonding tendency, results in the agglomeration of the CNTs and a 
poor dispersion. The use of hydroxyl terminated PILs, which show a weaker intramolecular 
H-bonding, allows to obtain good dispersions, provided the in situ method is used. When the 
solution-mixing method is employed, we obtained a gel material loaded with CNT. Finally, 
we noticed a more pronounced influence of the nature of the PIL anion compared to the cation 
on the thermostability of the carbon nanotubes.  
The effect of noncovalent PIL functionalization on the dispersion of the CNTs in a polymeric 
matrix has been evaluated in the case of polyetherimide (PEI). For the preparation of the 
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composites, dichloromethane has been used as casting solvent. The solubility issue has 
prompted us to perform an anion metathesis on the PIL (poly([VEIM]Br)) functionalized 
CNTs with sodium dodecylbenzene sulfonate. Pristine CNTs, nitric acid oxidized CNTs and 
CNT–PIL have been compared. The effect of CNT addition on the tensile, dynamic 
mechanical, thermal and electrical properties has been evaluated. Except the tensile 
properties, the other properties of the PEI composite were improved by CNT addition (0.1-3 
wt.%). For thermal and dynamic mechanical properties, we did not observe any benefits of 
CNT functionalization compared to the pristine CNTs; whereas a negative effect was noticed 
for the electrical conductivity. The partial alignment of the CNT–PIL in the PEI matrix as 
well as the insulating properties of the PIL thin film could be at the origin of this 
phenomenon.  
The covalent CNT functionalization has been studied for both “grafting from” and “grafting 
to” approaches. Using the former approach we functionalized CNTs with polyamide-6 (PA6) 
for the preparation of PA66/CNT–PA6 composites. In addition, PIL functionalization was 
performed with the [VHEIM]Cl grafted CNTs. The latter approach was employed to 
functionalize CNTs with polyvinylamine (PVA), poly(2-hydroxy-3-phenoxypropyl acrylate) 
(PHPPA) and poly(bisphenolA-co-epichlorohydrin) to be used as nanofillers in epoxy 
matrices. Despite a low level of polymerization on the CNT surface, the PA composites 
containing CNT–PA6 gave the best results in terms of Young’s modulus and yield strength 
compared to pristine and amine functionalized CNTs. For the PIL functionalization, we 
noticed a lack of reactivity of the grafted monomer compared to the free one; therefore, no 
measurable quantity of PIL was observed. However, in the absence of the monomer, the 
grafted monomers react with the initiator to produce cross-linked CNTs. Functionalization of 
CNTs with PHPPA and PVA produced thin films of polymer on the CNT surface, which 
improved the dispersion of the CNTs in the appropriate solvents. For the poly(bisphenolA-co-
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epichlorohydrin) which is composed of short chains, well-dispersed nanoparticles of polymer 
were deposited on the CNT walls. Such functionalization does not allow good dispersion in 
solvents. In the frame of the P C  project, the CNTs functionalized by the “grafting to” 
approach will be incorporated into epoxy matrices to evaluate the mechanical and electrical 
properties.  
The results obtained during this exploratory work opened several perspectives. First of all, 
many new materials have been prepared among them we believe that: (i) the PIL gel, as well 
as, the PIL-CNT gel could find interesting application in electrochemistry (lithium batteries, 
sensors…), (ii) the cross-linked CNTs could be of interest for actuators and "bucky papers", 
(iii) due to their potential biocompatibility, CNT–PVA could be interesting as vectors for drug 
delivery or for other medical applications and (iv) the well dispersed polymer nanoparticles 
could be used for anchoring of metallic nanoparticles for sensors and catalysis. Finally, the 
preliminary results obtained with CNT polymer composites clearly show the importance of 
the processing method on the final properties of the material. Thus, the future work should 
include more efficient processing methods to take full advantage of CNT functionalization.  
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Chapter V: Experimental details 
 
V.1 Materials 
 
Multi-walled carbon nanotubes produced via chemical vapor deposition (CVD) method 
(average number of walls 5-15, length 0.1-10 m, diameter 10-15 nm, purity > 90%) were 
supplied from the same batch by Arkema, France under the trademark Graphistrength®. 
Samples of 3-ethyl-1-vinylimidazolium bromide ([VEIM]Br), 3-ethyl-1-vinylimidazolium 
bis(trifluoromethanesulfonyl)imide ([VEIM]NTf2) and 1-Vinyl-3H-imidazolium 
bis(trifluoromethanesulfonyl)imide ([VHIM]NTf2) were supplied by Solvionic, France. 
Larger quantities of [VEIM]Br and [VEIM]NTf2 were synthesized using the procedures 
described below. Nitric acid (69%) was purchased from Panreac. 1-vinylimidazole (99%) was 
purchased from Alfa Aesar and distilled before use. 2-chloroethanol, lithium 
bis(trifluoromethanesulfonyl)imide (99%), tetrabutylammonium bromide (99+%), 2,2'-
azobis(2-methyl-propionitrile) (98%), phosphotungstic acid hydrate and ruthenium tetroxide 
(0.5% solution in water) were purchased from Acros Organics. Sulfuric acid (95-97%), dry 
sodium hydride (95%), N-acetylcaprolactam (99%), polyethylene glycol (average M.W.= 
6000), 2-bromoethane (98%), sodium dodecylbenzene sulfonate, caprolactam (99%), 1,8-
diaminooctane (98%), N-Vinylformamide (98%), 2-hydroxy-3-phenoxypropyl acrylate and 
poly(bisphenolA-co-epichlorohydrin) (Mn ~355) were purchased from Aldrich. N-
vinylformamide and 2-hydroxy-3-phenoxypropyl acrylate contain 25-55 ppm 4-hydroxy-
TEMPO and 250 ppm monomethyl ether hydroquinone as polymerization inhibitor, 
respectively. These monomers were used as-received. Polyetherimide in pellet form (grade 
ULTEM 1000) was supplied by SABIC Innovative Plastics TM. All other solvents were used as 
received from Aldrich or Acros Chemicals. 
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V.2 Experimental procedures 
 
V.2.1 Purification of CNTs 
CNTs were suspended in a solution of concentrated sulfuric acid and water (1:1) and refluxed 
at 140 °C for 3 hours. Subsequently, the reaction mixture was filtered without cooling and the 
CNTs were washed with hot and cold distilled water until neutralization of the filtrate and 
dried in air at 130 °C for 48 days. 
V.2.2 Preparation of oxidized CNTs 
The purified CNTs were suspended in concentrated nitric acid (69%) and refluxed at 120 °C 
for 3 or 6 hours. After cooling, the CNTs were filtered, washed with distilled water until 
neutralization of the filtrate and dried in air at 130 °C for 48 days.  
V.2.3 Acid–base titration of CNTs 
100 mg of CNTs were stirred in a sodium hydroxide (NaOH) solution (40 mL, 0.01 M) in a 
plastic vial overnight. The NaOH concentration of the resulted mixture was determined by 
titration with a solution of hydrochloric acid (0.01 M). The acid concentration of the CNTs 
was calculated from the change between the initial and final concentrations of NaOH. 
V.2.4 Preparation of ionic liquid monomers 
V.2.4.1 Preparation of 1-vinyl-3-ethylimidazolium bromide, [VEIM]Br 
2-bromoethane (120 g, 1.1 mol) was added dropwise to a solution of freshly distilled 1-
vinylimidazole (89.90 g, 0.955 mol) in ethyl acetate (150 mL) under nitrogen atmosphere. 
The reaction mixture was stirred under N2 at 60 °C for 4 h. The reaction mixture was diluted 
 249 
 
with distilled water and separated from the solvents and unreacted vinylimidazole by 
distillation under reduced pressure, to give a viscous yellow oil in 77% yield.  
V.2.4.2 Preparation of 1-vinyl-3-ethylimidazolium bis(trifluoromethanesulfonyl)imide, 
[VEIM]NTf2 
A solution of LiNTf2 (22.10 g, 0.077 mol) in distilled water (50 mL) was added dropwise to 1-
vinyl-3-ethylimidazolium bromide, [VEIM]Br (15.63 g, 0.077 mol) with vigorous stirring. 
The mixture was further stirred at room temperature for 30 min. The reaction mixture was 
extracted with DCM. The organic phase was washed five times with distilled water and dried 
under vacuum at 80 °C overnight to give a yellow oil in 80% yield. Activated carbon (5 wt.%) 
was added to the ionic liquid and the mixture was stirred at 70 °C for 4 days for decoloration. 
V.2.4.3 Preparation of 1-(2-hydroxyethyl)-3-vinylimidazolium chloride, [VEHIM]Cl 
Freshly distilled 1-vinylimidazole (10.00 g, 0.106 mol) was added dropwise to chlorooethanol 
(16.00 g, 0.198 mol) at 65 °C under nitrogen atmosphere. The temperature is increased to 80 
°C and the mixture was stirred under N2 for 22 h. The reaction mixture was diluted with 
distilled ethanol and separated from the solvents and unreacted vinylimidazole by distillation 
under reduced pressure. The resulted brown viscous oil was stirred with activated carbon (5 
wt.%) at 70 °C for 5 days to give a viscous yellow oil in 77% yield. 1H NMR (300 MHz, 
D2O): 3.91 (t, 2H), 4.33 (t, 2H), 5.39 (dd, J= 8.7, 2.8, 1H), 5.78 (dd, J= 15.6, 2.8, 1H), 7.12 
(dd, J= 15.6, 8.7, 1H), 7.59 (t, J= 1.7, 1H), 7.77 (t, J= 1.8, 1H), 9.05 (s, 1H). 
V.2.4.4 Preparation of 1-(2-hydroxyethyl)-3-vinylimidazolium 
bis(trifluoromethanesulfonyl)imide, [VEHIM]NTf2 
1-(2-hydroxyethyl)-3-vinylimidazolium chloride, [VEHIM]Cl, was dissolved in water and 
mixed with an an aqueous solution of LiNTf2 (2 mol. equivalent) at room temperature. 
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Immediately after mixing, the new monomer precipitated. It was soluble only in acetone 
among the solvents tested (DCM, methanol, ethanol, toluene, ethyl acetate, acetonitrile). 1H 
NMR (300 MHz, acetone-d6): 4.01 (q, 2H), 4.50 (t, 2H), 5.49 (dd, J= 7.4, 2.7, 1H), 6.00 (dd, 
J= 14.3, 2.7, 1H), 7.39 (dd, J= 11.63, 8.7, 1H), 7.86 (t, J= 1.8, 1H), 8.09 (t, J= 1.9, 1H), 9.29 
(s, 1H). 
V.2.5 General procedure for the polymerization of ionic liquid monomers 
Polymerized ionic liquids were synthesized by conventional free-radical polymerization. In a 
typical polymerization experiment, imidazolium monomer (5 g), and ethanol (acetone for 
[VEHIM]NTf2, 4) (5mL) were purged with N2 for 30 min and AIBN (2 wt%) was added to the 
solution, purged with N2 for another 10 min and stirred in an oil bath at 65 °C (85 °C for 
[VEHIM]NTf2, 2) for 3 hours. After polymerization, the mixture was diluted with the reaction 
solvent and was poured into water to precipitate the poly[VEIM]NTf2 (Poly2 60%), 
poly[VIM]NTf2 (Poly3 45%) and poly[VEHIM]NTf2 (Poly4 57%). Acetonitrile was used 
similarly to precipitate the poly[VEIM]Br (Poly1 70%). The polymers were washed three 
times before drying under vacuum at 60 °C. 
V.2.5.1 Preparation of poly[3-(2-hydroxyethyl)-1-vinylimidazole] bromide, poly[VEHIM]Br, 
Poly5 
A solution of 1.5 g of tetrabutylammonium bromide in acetone was added dropwise to a 
solution of 1.8 g of poly[VEHIM]NTf2 (Poly 4) in acetone in a round-bottom flask. After 
stirring for 30 min at room temperature, the resulting white-yellow solid (95%) was washed 
with acetone and dried at 80 °C.  
V.2.6 Non-covalent functionalization of CNTs with polymerized ionic liquids 
V.2.6.1 General procedure for solution-mixing  
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Polymer solutions (approximately 1:1 by volume) were prepared by dissolving the 
polymerized ionic liquids in ethanol (ethanol/acetone mixture for poly2). Carbon nanotubes at 
5 wt.% loading of the polymer were added to the polymer solution. The mixture was 
sonicated for 1 h and then refluxed for 22 h at 65 °C (85 °C for poly2) under vigorous stirring. 
The mixture was subsequently filtered and washed with a solvent in which the polymer was 
soluble several times to thoroughly remove physically adsorbed polymer from the surface of 
the CNT. The final products, referred to as CNT–polyxa, were then dried in an oven at 120°C 
to remove the residual solvent. 
V.2.6.2 General procedure for in situ polymerization 
The non-covalent in situ functionalization of CNT was done by the following procedure. 
CNTs at 5 wt.% loading of the monomer were added to ethanol containing IL monomers (1:1 
by volume) and 2 wt.% 2,2'-azobis(isobutyronitrile) (AIBN). After sonication for 1 h, the 
mixture was refluxed for 22 h at 65 °C (85 °C for poly2) under vigorous stirring and N2 
atmosphere. The reaction mixture was diluted, filtered and washed several times (water for 
CNT–poly1b; acetone otherwise) to thoroughly remove physically adsorbed polymer and 
unreacted monomer from the surface of the CNT and dried at 120°C. The final products thus 
obtained are referred to as CNT–polyxb.  
V.2.6.3 Anion exchange of CNT–poly[VEIM]Br, CNT–poly1b 
CNT–poly1b (1 g), CNT–poly[VEIM]Br prepared by in situ polymerization method, was 
added to distilled water (75 mL), and the solution was ultrasonicated for 30 min. Then, a 
solution of lithium bis(trifluoromethanesulfonyl)imide (1 g, ) in distilled water (25 mL) was 
added dropwise to the CNT suspension with stirring. The dispersion was sonicated for another 
10 min and stirred vigorously overnight in order to ensure the complete anion exchange. The 
resulted CNTs were thoroughly washed with distilled water and dried at 120 °C for 3 days. 
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V.2.6.4 General procedure for CNT–polymer gel preparation 
CNT–polymer organogels containing 1, 3 and 5 wt% CNT with respect to the polymer were 
prepared as follows: The pristine CNTs were briefly (15 min)  sonicated in acetone (34 times 
by weight relative to the polymer) to obtain a CNT dispersion. Poly 4 was then added to the 
dispersion. The resulting gel mixture was sonicated for 1 h. The corresponding hydrogels 
were prepared by repeating the same procedure in pure water (70 times by weight relative to 
the polymer) followed by the addition of Poly 5. 
V.2.6.5 Functionalization of CNTs with poly(3-vinyl-1-ethylimidazolium dodecylbenzene 
sulfonate), poly[VEIM]DBS 
First CNT–poly[VEIM] was prepared using the general procedure for the in situ 
polymerization with the following quantities. CNTs  = 4.0 g, [VEIM]Br = 73.0 g in ethanol = 
100 mL, AIBN, 1.5 g. Then, 500 mg of CNT–poly[VEIM]Br were added to 75 mL of distilled 
water, and the solution was ultrasonicated with an ultrasonic probe at 25% amplitude for 10 
min. Then, a solution of sodium dodecylbenzene sulfonate (500 mg) in distilled water (25 
mL) was added dropwise to the CNT suspension with stirring. The dispersion was sonicated 
for another 10 min and stirred vigorously overnight in order to ensure the complete anion 
exchange. The resulted CNTs were thoroughly washed with distilled water and dried at 115 
°C for 3 days. 
V.2.7 Preparation of polyetherimide/carbon nanotube composite films 
Polyetherimide (2.750 g) was dissolved in 12 mL of DCM by stirring continuously until the 
matrix polymer was completely dissolved. The oxidized CNTs were prepared by a 3 h nitric 
acid treatment at 120 °C and the acidic group concentration was 0.23 mmol/g CNT as 
determined by acid–base titration. Various amounts of pristine, acid-oxidized and CNT–
poly[VEIM]DBS were then added to the polymer solutions, and the resulted dispersions were 
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ultrasonicated for 30 min. Then, they were casted into Teflon coated aluminum foil molds and 
the solvent was allowed to evaporate slowly at room temperature. All the composite films 
were further dried in a vacuum oven first at 100 °C for two days, then at 150 °C for one day to 
remove completely the residual solvent. Then, the obtained composites were compression 
molded under a pressure of 240 bars at 250 °C for 4 min. The thickness of the final films was 
between 0.45 and 0.50 mm. The CNT content in the final composite films varied from 0.1 wt 
% to 3 wt %. For comparison, a neat PEI film was prepared following the same procedure, 
skipping the steps of CNT addition and sonication. 
V.2.8 Polymerization of caprolactam 
Caprolactam (5.0 g, 0.044 mol) was dried under vacuum at 110 °C overnight. Sodium hydride 
(0.1 g, 0.004) was added to the molten caprolactam under nitrogen atmosphere. Throughout 
the reaction the nitrogen flow was maintained. A few minutes later N-acetylcaprolactam (0.07 
g, 0.0004 mol) was added to the reaction mixture at 140 °C. The polymerization was 
completed in 5-10 min. The yellow-brown reaction mixture was dissolved in formic acid and 
precipitated in water. Then, the precipitates were filtered and washed with distilled water. 
Polyamide was dried under vacuum at 70 °C and obtained quantitatively as a white powder.  
V.2.9 Polymerization of N-vinylformamide 
N-vinylformamide was polymerized by free radical polymerization in DMSO using 1.0 mol 
% AIBN as the initiator. A solution of NVF (7.11 g, 0.10 mol) in DMSO (50 mL) was purged 
with N2 for 30 min and AIBN (164 mg, 0.001 mol) was added to the solution, purged with N2 
for another 10 min and stirred in an oil bath at 75 °C for 24 h. After polymerization, the 
mixture was poured into methanol to precipitate the polymer. Drying under vacuum at 60 °C 
for 48 h gives the poly(N-vinylformamide) as a white solid in 75 % yield. 1H NMR (300 
MHz, D2O):  1.69 (–CH2–CH–N–), 3.40 (–CH2–CH–N–, isotactic), 3.92 (–CH2–CH–N–,  
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syndiotactic), 7.70–7.83 (m, H–C=O–, isotactic), 7.92–8.12 (m, H–C=O–, syndiotactic). 
V.2.10 Preparation of polyvinylamine hydrochloride 
Polyvinylamine was prepared by the base hydrolysis of poly(N-vinylformamide) (PNVF). A 
sodium hydroxide solution with a concentration 1.5 mol L- was prepared by dissolving NaOH 
pellets (2.48 g, 0.062 mol) in distilled water (42 mL). The PNVF (2.20 g) was added to the 
base solution and the mixture was stirred at 80 °C for 6 h. After cooling, the reaction media 
was first neutralized and then acidified by slow addition of concentrated HCl (37 %). The 
hydrolyzed polymer was precipitated as PVA.HCl into methanol. The product was dried 
under vacuum at 60 °C for 48 h to give a white solid in a quantitative yield. 1H NMR (300 
MHz, D2O): 2.21 (–CH2–CH–N–), 3.82 (–CH2–CH–N). 
V.2.11 Polymerization of 2-hydroxy-3-phenoxypropyl acrylate 
2-hydroxy-3-phenoxypropyl acrylate (HPPA) was polymerized by free radical polymerization 
in THF using 0.36 mol.% AIBN as initiator. A solution of HPPA (11.13 g, 0.050 mol) in THF 
(50 mL) was purged with N2 for 30 min and AIBN (30 mg, 0.182 mmol) was added to the 
solution, purged with N2 for another 10 min and stirred in an oil bath at 75 °C for 24 h. After 
polymerization, the mixture was poured into distilled water to precipitate the polymer. Drying 
under vacuum at 60 °C for 48 h gives the poly(2-hydroxy-3-phenoxypropyl acrylate) as a 
transparent solid in 93% yield. 1H NMR (300 MHz, CDCl3): –CH–CH2–COO–), 
–CH2–COO–), (–O–CH2–C–OH)4.23 (–COO–CH2–C–OH), 6.85 (1H
2, –C6H5), 
6.90 (1H4, –C6H5), 7.21 (2H
3, –C6H5).  
V.2.12 Covalent functionalization of CNTs 
V.2.12.1 Functionalization of CNTs with caprolactam 
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Oxidized CNTs were first prepared by treating the purified CNTs with nitric acid at 120 °C 
for 6 hours. The carboxylic acid content was found to be 0.39 mmol/g CNT as determined by 
acid-base titration. Oxidized CNTs (5.0 g) were suspended in thionyl chloride (80 mL), and 
stirred under nitrogen at 70 °C for 24 h. Upon removal of excess thionyl chloride under 
vacuum, caprolactam (50 g) was added. The mixture was stirred at 110 °C for 24 h and then 
cooled to room temperature. The mixture was diluted with chloroform and filtered. CNTs 
were thoroughly washed with distilled water and methanol to remove the unreacted 
caprolactam. The CNTs were dried at 120 °C for 2 days. 
V.2.12.2 Polyamide functionalized CNTs 
Caprolactam (~ 100 g) was dried in vacuum at 100 °C overnight. 200 mg PEG was added to 
the reaction mixture and the temperature was increased to 140 °C and was left in vacuum for 
two hours more. Caprolactam functionalized carbon nanotubes (5.0 g) were added to the 
molten caprolactams. Flushed with N2 and sodium hydride, NaH, (140 mg, 0.0058 mol) was 
added to the mixture as initiator. The mixture was flushed with N2 for 40 more minutes. 24 h 
later, the heating was turned off and the reaction mixture was filtered and the CNTs were 
thoroughly washed successively with water (500 mL x 3), methanol (250 mL x 2) and formic 
acid (250 mL x 2) to remove the sodium salts, monomer and the unattached polymer. The 
CNTs were dried in oven at 120 °C for 48 h. 
V.2.12.3 Functionalization of CNTs with 1,8-diaminooctane 
140 mg of oxidized CNTs with a carboxyl concentration of 2.54 mmol/gr CNT and 70 mg 
(0.48 mmol) of 1,8-diaminooctane were placed together in a steel vial. The vial was heated at 
160 °C under vacuum for 4 h. Then, the excess amine was evaporated at the same temperature 
under vacuum for 2 h. The functionalized CNTs contain 2.48 % N as determined by elemental 
analysis. 
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V.2.12.4 Functionalization of CNTs with 1-(2-hydroxyethyl)-3-vinylimidazolium chloride, 
bromide or bis(trifluoromethanesulfonyl)imide 
Oxidized CNTs (200 mg) with a carboxylic acid content of 0.23 mmol/g CNT were 
suspended in thionyl chloride (40 mL), and stirred under nitrogen at 70 °C for 24 h. Upon 
removal of excess thionyl chloride under vacuum, 1-(2-hydroxyethyl)-3-vinylimidazolium 
chloride (3.0 g) was added. The mixture was continuously sonicated under nitrogen at 70 °C 
overnight and then cooled to room temperature. The mixture was diluted with distilled water 
and filtered. Recovered CNTs were thoroughly washed with distilled water to remove the 
unreacted ionic liquid. The CNT–[VEHIM]Cl was dried at 120 °C for 2 days. CNT–
[VEHIM]NTf2 was prepared by stirring the CNT–[VEHIM]Cl (115 mg) with a solution of 
lithium bis(trifluoromethanesulfonyl)imide (1 g) in distilled water (35 mL) at room 
temperature overnight. CNT–[VEHIM]Br was prepared by stirring the CNT–[VEHIM]NTf2 
(62 mg) with a solution of tetrabutylammonium bromide (200 mg) in acetone (30 mL) at 
room temperature overnight. 
V.2.12.5 Preparation of cross-linked CNTs 
CNT–[VEHIM]Cl (15 mg) were dispersed in dimethylformamide (5 mL) with the aid of 
sonication in a ultrasonic cleaner for 2 h. AIBN (6 mg) was added to the dispersion purged 
with N2 and the mixture was stirred under nitrogen at 65 °C for 24 h. The CNTs were filtered 
and washed with ethanol. 
V.2.12.6 In situ polymerization of 1-vinyl-3-ethylimidazolium 
bis(trifluoromethanesulfonyl)imide in the presence of CNT–[VEHIM]NTf2 
CNT–[VEHIM]NTf2 (86 mg) was added to a solution of 1-vinyl-3-ethylimidazolium 
bis(trifluoromethanesulfonyl)imide (3.0 g) in ethanol (5 mL). 2,2'-azobis(isobutyronitrile) (2 
wt.%, 60 mg), AIBN, was added to the flask flushed with nitrogen. The mixture was stirred 
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vigorously under nitrogen at 85 °C for 22 h. The filtered and washed CNTs were dried at 110 
°C for 48 h. The filtrate was precipitated into water to recover the polymer synthesized in the 
presence of CNTs.  
V.2.12.7 In situ polymerization of 1-vinyl-3-ethylimidazolium bromide in the presence of 
CNT–[VEHIM]Br 
CNT–[VEHIM]Br (28 mg) was added to a solution of 1-vinyl-3-ethylimidazolium bromide 
(1.5 g) in ethanol (3 mL). 2,2'-azobis(isobutyronitrile) (2 wt.%, 30 mg), AIBN, was added to 
the flask flushed with nitrogen. The mixture was stirred vigorously under nitrogen at 65 °C 
for 22 h. The filtered and washed CNTs were dried at 110 °C for 48 h. The filtrate was 
precipitated into acetonitrile to recover the polymer synthesized in the presence of CNTs.  
V.2.12.8 Functionalization of CNTs with polyvinylformamide 
Purified CNTs (3.5 g) were added to a solution of NVF (70 g, 1 mol) in DMSO (492 mL). A 
suspension of CNTs was obtained with the aid of sonication at room temperature for 30 min. 
The mixture was flushed with nitrogen for 20 min and AIBN (1.616 g, 0.01) was added. After 
refluxing under vigorous stirring and N2 atmosphere at 75 °C for 24 h, the reaction mixture 
was vacuum filtered. The recovered CNTs were washed thoroughly with distilled water and 
dried under vacuum at 80 °C for 48 h. The filtrate was precipitated into methanol to recover 
the polymer synthesized in the presence of CNTs. The precipitated polymer was washed with 
methanol and dried under vacuum at 60 °C for 48 h. 
V.2.12.9 Functionalization of CNTs with polyvinylamine  
Poly(vinylamine) functionalized CNTs (CNT–PVA) were prepared by base hydrolysis of 
CNT–N-polyvinylformamide (CNT–PNVF). CNT–PNVF (3.30 g) was added to a solution of 
NaOH (30 g) in distilled water (500 mL). After sonication for 30 min, the mixture was 
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refluxed under vigorous stirring at 80 °C for 6 h. The hydrolyzed CNTs were then separated 
from the mixture by filtration and washing thoroughly with distilled water until neutralization 
of the filtrate. The recovered CNTs were dried under vacuum at 60 °C for 48 h, yielding 
CNT–PVA.  
V.2.12.10 Functionalization of CNTs with poly(2-hydroxy-3-phenoxypropyl acrylate)  
Purified CNTs (4.35 g) were added to a solution of 2-hydroxy-3-phenoxypropyl acrylate 
(HPPA) (87 g, 0.39 mol) in THF (355 mL). A suspension of CNTs was obtained with the aid 
of sonication at room temperature for 30 min. The mixture was flushed with nitrogen for 20 
min and AIBN (0.231 g, 0.0014 mol) was added. After refluxing under vigorous stirring and 
N2 atmosphere at 75 °C for 24 h, the reaction mixture was vacuum filtered. The recovered 
CNTs were washed thoroughly with THF and dried under vacuum at 80 °C for 48 h. The 
filtrate was precipitated into distilled water to recover the polymer synthesized in the presence 
of CNTs. The precipitated polymer was dried under vacuum at 60 °C for 48 h, yielding CNT–
PHPPA. 
V.2.12.11 Functionalization of CNTs with epoxy 
Oxidized CNTs were first prepared by treating the purified CNTs with nitric acid at 120 °C 
for 3 hours. The carboxylic acid content was 1.37 mmol/g CNT as determined by acid-base 
titration. Commercial glycidyl end-capped poly(bisphenolA-co-epichlorohydrin) (300 mL) 
with a Mn = 355 was diluted with THF (100 mL) containing tributylamine (10 mL). The 
CNT–COOH (4.20 g) was added and the mixture was sonicated at room temperature for 30 
min. The reaction mixture was flushed with nitrogen for 30 min and stirred vigorously at 80 
°C for 24 h. The filtered solid was washed thorougly with THF until the supernatant liquid 
was clear. The recovered CNTs were dried under vacuum at 60 °C for 48 h, yielding CNT–
epoxy. 
 259 
 
V.2.13 Preparation of polyamide/CNT composites 
The polyamide/CNT composites were prepared in collaboration with ECNP, Florence, Italy. 
Rhodia 27EA1 matrix was melt blended with 1 wt.% pristine, amine functionalized or 
polyamide functionalized CNTs in a DSM co-rotating twin-screw mini extruder. The rotation 
speed and temperature profile were 150 rpm and 280/290/295 °C, respectively.  
 
V.3 Instruments and measurements 
 
V.3.1 Transmission electron microscope  
Transmission electron microscope (TEM) images were obtained using a JEOL JEM 2100F 
FEG at 200 kV or JEOL JEM-1400 at 120 kV. Samples were prepared by suspending the 
nanotubes in solution (ethanol, acetone, THF or distilled water) under ultrasonic vibration. 
Some drops of the thus produced suspensions were deposited onto carbon-coated copper 
grids.  
V.3.1.1 Microtoming 
The PEI/CNT composite specimens were microtomed into thin (70 nm) films using a Reichert 
Ultracut microtome. The slices were placed on copper grids and examined by TEM 1400. 
V.3.1.2 Staining  
A commercial 0.5 wt.% aqueous solution of ruthenium tetraoxide (RuO4) or 5 wt.% aqueous 
solution of phosphotungstic acid hydrate was used for staining. 1 g phosphotungstic acid 
hydrate was dissolved in 20 mL distilled water and the pH of the solution was adjusted to 
around 7.0 by NaOH solution. One drop of this solution was put on the TEM grid bearing the 
sample; it was let for some minutes and dried with a filter paper.  The RuO4 staining was 
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carried out by exposing the grid with the sample to the vapors of RuO4 solution for 15 
minutes in a glass covered dish.  
V.3.2 Field emission gun scanning electron microscopy 
A JEOL JSM 6700F Field Emission Gun scanning electron microscope (FEG-SEM) was used 
to obtain SEM images. The tensile fractured surfaces were coated with a thin layer of 
platinum.  
V.3.3 Thermogravimetric analysis 
Thermogravimetric analysis (TGA) in air was conducted on a Setaram apparatus using a 
temperature program of 30–800 °C, with a heating rate of 10 °C/min. TGA measurements in 
nitrogen atmosphere were performed using a TA Instruments Q50. Samples were put on an 
open platinum pan and heated at 10 °C.min–1 under 60 mL.min–1 N2 flow. 
V.3.4 Differential scanning calorimetry 
Differential scanning calorimetry (DSC) measurements were conducted using a TA 
Instruments Q200 differential scanning calorimeter in a nitrogen atmosphere (flow rate = 50 
ml min−1). Samples were sealed in an aluminum pan. Unless stated otherwise, the 
heating/cooling curves of PILs were obtained at a scanning rate of 10 °C min−1. To erase the 
thermal history of the samples, each sample was stabilized at –60 °C and heated to 250 °C and 
kept at that temperature for 2 min. Then, the sample was allowed to cool again to –60 °C. 
After 2 minutes, it was heated to 300 °C. The heating/cooling curves of PEI and PEI/CNT 
composites were obtained at a scanning rate of 10 °C.min−1. To erase the thermal history of 
the samples, each sample was stabilized at –60 °C and heated to 230 °C and kept at that 
temperature for 2 min, and the sample was allowed to cool again to –60 °C. After the sample 
was kept at that temperature for 2 min, it was heated to 300 °C. 
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V.3.5 Particle size analysis  
The particle size analysis was performed with a Mastersizer 2000 laser diffraction particle 
size analyzer from Malvern Instruments. 
V.3.6 Elemental analyses 
The elemental analyses for C, H, O and N were performed on a Perkin Elmer 2400 series II 
microanalyser. The analyses of Al and Fe, were carried out by the “Service central d’analyse 
du CNRS” in Solaize, France.  
V.3.7 XPS analysis 
XPS analyses were performed on a VG Escalab model MK2 spectrophotometer with pass 
energy of 20 eV and with Al KeV, 300 W) photons as an excitation source.  
V.3.8 Specific surface area and porosity measurements 
The specific surface area, pore volume, and pore sizes were measured by nitrogen 
physisorption at P/P0 = 0.99, of nitrogen and liquid nitrogen temperature using a Belsorp-
mini (BEL Japan Inc. apparatus). Prior to the measurement, the CNTs were degassed for 16 h 
at 150 °C. The specific surface area was calculated according to the Brunauer–Emmet–Teller 
(BET) theory, while the pore size and the pore volume were calculated by the BJH method 
based on the desorption branch of the isotherm. 
V.3.9 Molecular weight analysis 
The molecular weight analysis of poly(2-hydroxy-3-phenoxypropyl acrylate was performed 
on a size-exclusion chromatography (SEC) system equipped with a refractive index detector 
(RI 2000), a triple angle light scattering detector (Mini Dawn Wyatt) and a Varian PLgel 5µm 
Mixed-D column. THF was used as the eluent at a flow rate of 1 mL min–1. The molecular 
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weights of polyvinylamine and poly(N-vinylformamide) were determined on a SEC equipped 
with a refractive index detector (RID Shimadzu), a triple angle light scattering detector (Mini 
Dawn Wyatt) and two columns (Shodex OH Pack SB 804 HQ and SB 802 HQ). An aqueous 
tampon (NaNO3 à 0.1M/NaN3 at 200 ppm, pH7) was used as the eluent at a flow rate of 0.5 
mL min–1. The specific refractive index increments (dn/dc) of the polymers were measured at 
620 nm on a detector from Polymer Standards Service. The molecular of polyamide 6,6 was 
analyzed using a gas chromatograph equipped with a KNAUER differential refractometer and 
a PLgel 5µm, MiniMIX-C column. Pentafluorophenol/chloroform was used as the eluent at a 
flow rate of 0.3 mL min-1. 
V.3.10 Raman analysis 
Raman spectrum was recorded with a Labram HR800 of Jobin Yvon Raman spectrometer 
(excitation wavelength = 632.82 nm).  
V.3.11 Infrared spectroscopy 
FTIR spectroscopy was performed with a Perkin-Elmer 1710 Fourier Transform 
spectrophotometer using KBr salt for solid pellet analysis. The ATR–FTIR measurements 
were performed using a PerkinElmer Spectrum 100 Universal ATR–FTIR (Attenuated Total 
Reflectance–Fourier Transform InfraRed analysis) instrument equipped with a diamond/ZnSe 
crystal single reflection. 
V.3.12 Nuclear magnetic resonance spectrometer 
Solution 1H NMR (300 MHz) spectra were recorded on a Bruker DPX-300 spectrometer. 
Solid NMR analysis was performed on a Bruker Avance 400WB spectrometer.  
V.3.13 Ultrasonication 
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The carbon nanotubes were dispersed using a Fisher Scientific FB15051 ultrasonic bath 
cleaner unless otherwise stated. The carbon nanotube solutions for casting were sonicated 
using an ultrasonic probe (Vibra Cell 75115, 500 W, Bioblock Scientific) at amplitude of 20% 
in an ice bath. 
V.3.14 Compression molding 
The polyetherimide/CNT composite films were compressed into flat films using compression 
molding by a Collin, P 200 E. 
V.3.15 Tensile testing 
The compression molded thin films of PEI/CNT were punched into dog-bone specimens 
using a manual hollow die punch (Instruments J. Bot S.A., model 690). The stress–strain 
curves of the PEI/CNT composites were obtained using an Instron model 5565 mechanical 
tester at 20-21 °C. The strain speed was 5 mm min−1 under a load of 1 kN. The values 
reported represent an average of the results for tests run on at least five specimens. The tensile 
tests of polyamide composites were carried out by a LLOYD Instruments, model 30K 
electronic dynamometer.  
V.3.16 Dynamic mechanical analysis 
Dynamic mechanical analysis (DMA) was conducted on the Mettler Toledo DMA/SDTA861e 
in tension mode. 
V.3.17 Electrical measurements 
An Agilent 4156C precision semiconductor parameter analyzer equipped with a 16442A test 
fixture was used to measure the electrical resistivity of the samples. The 0.5 mm thick 
CNT/PEI composite films were cut into rectangular specimens of 20 mm x 10 mm, and upper 
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and lower surfaces of the specimens were coated with conducting silver paint to ensure an 
intimate contact between the specimen surfaces and electrodes.  
  
